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ABSTRACT
Enamelled wire is a conductive wire coated with a very thin layer of insulation, widely used in the
field that requires tight coils of wire. The traditional enamelled wire is produced by liquid paint,
which consists of resins, solvents, pigments, and additives. Organic solvent takes a relatively high
content, normally of 75% to 90% by weight. Many efforts have been made to decrease the
percentage of solvent in the insulation paint. On the other hand, increasing the solids content of given
enamel results in the viscosity rises significantly, making it harder to flow. Therefore, powder
coating technology as an alternative is developed in the production of enamelled wire, not only
benefits the environment but also cuts cost of solvent.
Mechanical and chemical methods to prepare the fine powder of PVF type enamelled wire coating
are reported in this thesis. For gradual solvent evaporation method, kinetics and thermodynamics of
the fabrication of microspheres are adopted from reference to predict the operating parameters, such
as the solidification time. Factors affecting average particle size and particle size distribution are
investigated as well. Phase ratio of emulsion system (DP/CP), emulsion agitation speed, types and
dosage of emulsifier, co-solvent and stabilizer are all taken into account. When the DP/CP was 1/15,
the resins percentage in DP was 12wt%, the stirring speed was 6000 r/min, 1wt% SDS was used as
emulsifier, 1wt% N-octanol and 0.5wt% PVA were employed as co-solvent and stabilizer, the
powder of average particle size at around 12 micron can be obtained.
Initial PVF enamelled wire coating formulation, as adopted from references of liquid insulation paint,
which consists of PVF-E resin, novolac epoxy resin and melamine resin, produced a non-continuous
coating finish with many tiny holes formed during curing. This may be attributed to the thermal
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properties of PVF-E resin or the inappropriate ratio among the different components in the
formulation. After that BPA epoxy and its hardener were introduced to the initial formulation to
improve the surface quality of coating finish. Then, the paint formulation, powder spraying and
curing conditions are optimized. The recommended formulation is with mole ratio of PVF-K,
OCFER and melamine resin at 100:375:119, and with proper dosage of degassing and flow agent.
The best spraying condition is gun voltage of 30 kV and air stream of 3.0 m/s. When the curing
temperature ranged from 215 to 225℃, and the substrates were pre-treated, the number of defects on
coating film was reduced.
Keywords: Powder coating, enamelled wire, gradual evaporation, formulation, polyvinyl formal,
epoxy resin
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Chapter 1 General Introduction

1.1 Introduction
Enamelled wire is a conductive wire coated with a very thin layer of insulation, widely used in the
construction of transformers, inductors, motors, speakers, hard disk head actuators, potentiometers,
electromagnets, and other applications which require tight coils of wire. The traditional enamelled
wire is produced by using liquid paint, which consists of resins, solvents, pigments, and some
additives. Organic solvents take a relatively high content, normally of 75% to 90% by weight.
Solvents are a major source of environmental concern because they evaporate at normal temperatures
and pressures. In the workplace, solvent vapors can result in a number of human health risks, and
also can pose fire/explosion hazards. Many efforts have been made to decrease the solvent content of
the enamel. However, when one increases the solids content of given enamel the viscosity rises
significantly[1]. Therefore, powder coating technology as an alternative that not only benefits the
environment but also cuts the cost of solvent, if it can be used in the production of enamelled wire.
Powder coating is a technology which powdered paint is directly coated onto targets without using
any solvent. In comparison to traditional liquid coating, it is environmentally friendly, as the process
emits negligible, if any, polluting volatile organic compounds into the atmosphere. Furthermore, the
processes used for powder coating do not require venting, filtering, or solvent recovery as is
necessary with liquid finishing. Costs are saved because there is less need for heating outside air to
supply oven exhaust air, and most of the powder coating over-spray can be collected and re-used[2].
Since the early days of powder coating, powder coaters and application equipment manufacturers
have faced several challenges. One of the challenges was to get better finish quality and uniformity.
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The appearance of the coating finish is closely related to the particle size. Conventionally, powder
with mean particle size between 30 to 60 µm which are commonly used and produce a relatively
thick film with thickness of 50 to 150 µm, and creating roughness represented by texture of “orange
peels”. It is noted that smaller particle sizes with mean diameter between 10 to 30 µm are capable of
forming a quite uniform layer of paint[3]. However, the finer that powder, the poorer fluidization and
flow ability, because of the increase of inter-particle forces[4].
Another significant factor affecting the finish quality is the formulation of powder coating including
the types of resins, the coupling or curing agents and the additives. Due to formulation limitation, so
far the most commonly used commercial powder coating products are only polyester, polyurethane,
polyester-epoxy (known as hybrid), straight epoxy (fusion bonded epoxy) and acrylics.
For electro magnet or transformer applications, the coating for electrical insulation should have
properties including: high dielectric strength to avoid electrical shorts; uniformity, as measured by a
minimum number of faults or defects; good mechanical strength (toughness) and/or structural
integrity (hardness); flexibility to permit working on the coated wire; and good heat resistance to
prevent decomposition and/or melting from exposure to elevated temperatures. To replace the
traditional liquid paint by powder coating for enamelled wire, we have to develop new resin
formulations in which the resin must fulfill all the requirements of electrical insulation application. A
comprehensive study on the new types of powder coating is undoubtedly desired.

1.2 Objectives
Corresponding to the profuction mentioned above, this study focuses on an invention of a new
powder coating formulation and its preparation method, which can be used as enamelled wire paint.
The objectives of this research are outlined as following.
(1) Preparation of ultrafine powder with a formulation containing polyvinyl formal (PVF) resin.
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• To prepare the ultrafine powder by a mechanical method
• To prepare the ultrafine powder by a gradual solvent evaporation method, including the type
and dosage of organic solvents, kinetic and thermodynamic study on the formation of
polymeric microspheres
• To investigate the factors having influence on particle size distribution, including operating
temperature, agitation rate, type and dosage of surfactant, the presence or absence of
stabilizer etc.
(2) Optimization of the types and dosage of each component in this formulation.
•

To optimize the dosage of epoxy that improves flow ability of PVF enamel paint during
curing stage and thus enhances the finish quality; to optimize the curing temperature and
curing time.

•

To theoretically and experimentally study the effects of each component in this powder
formulation, and the effects of additives on film.

•

To develop a new formulation with the PVF resin functioned by trimethoxysiliane.

1.3 Thesis structure
This thesis contains seven chapters and follows the “Monograph-Article” format as outlined in the
Thesis regulation Guide by the School of Graduate and Postdoctoral Studies of The University of
Western Ontario. It is organized in the following structure.
•

Chapter 1 gives a brief introduction to the background of this study and raises the need of the
work. Research objectives, thesis structure and the major contributions of the present study
are stated as well.

•

Chapter 2 provides a detailed review of enamel insulation materials and powder coating. The
advantages and disadvantages of powder coating technology are discussed in comparison to
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the conventional liquid coating, and the preparation methods for ultrafine particles are
reviewed as well.
•

Chapter 3 summarizes the experimental materials and methods that were used. Physical
properties of all chemicals including resins, solvents, and additives are revealed in material
section. The operation and equipment of all the powder preparation, powder characterization
and film quality techniques employed in the present study are detailed in the experimental
method section.

•

Chapter 4 reports the preparation of the ultrafine powder by mechanical method and by
gradual solvent evaporation method. Extruding temperature, residence time in extruder and
grinding methods are included for mechanical grinding. The type and dosage of organic
solvent, kinetic and thermodynamic properties are studied during the formation of polymeric
microspheres by solvent evaporation method.

•

Chapter 5 discusses the effects of some operation factors on particle size distribution,
including the volume ratio of dispersed phase and continuous phase, agitation speed, type and
dosage of surfactant and co-solvent, in the presence or absence of stabilizer.

•

Chapter 6 reports an optimized formulation of PVF resin powder coating. The type and
dosage of each component in this formulation has been determined, including the dosage of
epoxy that improves flow ability of PVF enamel paint during curing stage, the additives such
as flow agent, degassing agent. A pre-treatment of substrate to improve the finish quality has
been included.

•

Chapter 7 summarizes this work, provides general conclusionss and gives a list of
recommendations for future work.
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1.4 Major contributions
The present study explored the use of powder coating technology in enamelled wire insulation
coating, and a powder coating formulation and its fabrication method has been developed.
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Chapter 2 Background and Literature Review

2.1 Enamelled wire
Enameled wire or magnet wire is a copper or aluminium wire coated with a very thin layer of
insulation. It is widely used in the construction of transformers, inductors, motors, speakers, hard
disk head actuators, potentiometers, electromagnets, and other applications which require tight coils
of wire. Since 1980s, demand for magnet wire has been dramatically increasing with the total growth
of industries in Europe, North America and Japan [6]. After that, China started its increasing demand
and manufacturing bloom. At 2005, the total output of magnet wire in China has reached 1.1 million
tons, accounting for 60 percent of the global production.
A magnet wire is conventionally prepared by the following procedure (Fig.2.1):

Continuous drawing a
metal wire to size

Annealing

Cooling and drying
the wire

Coating one or more coating layers
of flowable resin materials

Hardening the resin
materials (if necessary)

Curing the resin
materials

Fig. 2.1 Conventional preparation procedures for enamelled wire

Insulation coating on conductive wire may be any one of a wide variety of natural and synthetic
organic polymers. The selection of the types of each component depends on the requested properties
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and environmental concerns. Beginning with organic based synthetic polymer substituted for natural
resins, wire enamels have been developed for added toughness, flexibility, heat stability, and
resistance to a variety of environments including moisture, solvents, other resins and contaminants.
Modern magnet wire typically uses one to four layers (in the case of quad-film type wire) of polymer
film insulation, often of two different compositions, to provide a tough, continuous insulating film.

2.2 Composition of flowable insulating paint
The flowable resin material used in the manufacturing of magnet wire usually consists of resins,
solvents, pigments, and some additives.

2.2.1 Resin
Resins or binders are the main component of a coating formulation. The curing properties, adhesion
to the substrate and mechanical characters are related to them. For magnet or transformer
applications, the coating for electrical insulation should have properties including: high dielectric
strength to avoid electrical shorts; uniformity, as measured by a minimum number of faults or defects;
good mechanical strength (toughness) and/or structural integrity (hardness); flexibility to permit
working of the coated wire; and good heat resistance to prevent decomposition and/or melting from
exposure to elevated temperatures and temperature cycling during, for example, ballast production
and/or end use applications (current flow). Good mechanical strength is especially important in
connection with magnet wires that are wound repeatedly around a mandrel. It is also important that
such wires be non-tacky and smooth and that they possess good slip qualities to improve handling
during winding operations [7].
Magnet wire insulating films normally use (in order of increasing temperature range) polyvinyl
formal (Formvar), polyurethane, polyamide, polyester, polyester-polyimide, polyamide-polyimide
(or amide-imide) and polyimide.
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(1)

Polyvinyl formal [1, 8]

Polyvinyl formal (PVF) resins are a family of high molecular weight polyvinyl methylal polymers
prepared by polyvinyl alcohol and formaldehyde. The chemistry of preparation is outlined in
Equation 2.1, where R can be H or any of a wide variety of organic radicals, but for PVF resins, R is
H; the polymer is formal[1-3].

( Eq 2.1 )
The generalized structure of the PVF molecule is shown in Fig 2.2. The average molecular weight
range from about 25,000 to 150,000 depending on grade[4]. The three chemical moieties are
distributed along the polymer chain as a percentage of 80~85% for formal unit, 5~6.5% for acetate
and about 10% for alcohol unit. While simple in concept, the actual commercial preparation of these
polymers is quite complex, requiring many processing steps. Worldwide production of polyvinyl
formal resin is estimated at 3500 to 4500 metric tons annually and used mainly in insulating enamels
and other coatings[5-7].

Fig. 2.2 General structure of PVF resin

In general, the PVF are characterized by toughness and excellent adhesion to a wide variety of
surfaces. They are resistant to most nonpolar solvents and to attack by both acids and bases, although
they are slowly attacked by strong aqueous acids. Their resistance to hydrocarbons and mineral oils
is outstanding. Because of the residual hydroxyl groups in the polymers (Fig 2.2 Alcohol unit), they
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are readily cross-linked with a variety of widely available cross-linking reagents that react with
hydroxyl. Examples of the more common cross-linking reagents are di-aldehydes and phenolic,
amino, isocyanate and epoxy functional resins [8]. The formal is fully compatible with most common
isocyanate and epoxy resins, and shows limited compatibility with alkyd, phenolic, melamine- and
urea-formaldehyde resins and silicones. Plasticizers are often used to soften the films prepared from
PVF. Di-ethyldiphenyl and dicyclohexyl phthalates, butyl benzyl phthalate and phosphate ester
including 2-ethylhexyl diphenyl phosphate polyester, chlorinated naphthalenic, and adipate diesters
are useful. By proper choice of plasticizer type and level, the physical–mechanical, chemical and
adhesion properties of these resins can be tailored for a wide variety of applications. [9]
(2)

Polyurethane [10]

The term urethane originally comes from the reaction of isocyanate groups with hydroxyl groups.
However, this term now contain a large variety of resins. Paint films made of polyurethane have a
polymer structure with urethane, urea or biuret coupling groups. During paint curing coupling can
occur because of poly addition of relatively low molecular mass starting products. Otherwise the
paints may include high molecule polymers that are synthesized by coupling of suiTable monomers.
Also, adducts in which curing occurs via oxidation of conjugated double bonds or high molecular
mass adducts with excess isocyanate groups are used as polyurethane paints. Equation 2.2 shows the
reaction of polyester (hydroxyl group) with isocyanate.

Eq ( 2.2 )
Other type of polyurethane resins include blocked reactive groups that can be activated by heat or
atmospheric moisture. Another deactivation method is microencapsulation of polyisocyanates. The
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polyurethane paints are formulated as two-component (two-pack) or one-component (one-pack)
mixtures depending on their chemical composition.
Two-component polyurethane can be made from different diisocyanates. However, only toluene
diisocyanate

(TDI),

hexamethylene

diisocyanate

(HDI),

isophorone

diisocyanate

(IPDI),

methylenediphenyl diisocyanate (MDI), and 1,1-methylenebis (4-isocyanato) cyclohexane (HMDI)
are used as commercial products. The basis of most polyurethane paint formulations are from high
molecular mass polyisocyanates or prepolymer derived from such products. Polyisocyanates may
differ according to their reactivity, chemical structure, functionality and isocyanate content. They are
the main curing component of two-pack polyurethane paints. Two-pack polyurethane paints can be
applied by different methods apart from dipping because the shelf life of two component resins is
usually between 4 to 6 hours and after this time they will be cured. Curing is done at room
temperature, but it can be accelerated by heat. If two components are mixed in stoichiometric ratio,
the reaction causes 100% cross-linking. If aliphatic polyisocynate is used as hardener, a small
amount of catalyst or accelerator is used.
One-pack polyurethane coatings are cured in different ways. They may be cured with atmospheric
oxygen and are formed from the reaction of diisocyanates with polyols-modified drying oils. One
example of this group is urethane oil that is cured oxidatively and do not contain free isocyanate
groups. Another type is cured with atmospheric moisture. They contain high molecular polyols with
excess diisocyanate including reactive isocyanates groups. They are used to make paints with
excellent resistance to chemical and mechanical attack by cross-linking with the formation of urea
group under the effect of atmospheric moisture. The curing temperature varies from 120 to 220º C
that this range is related to blocking agent. The blocked polyurethane coatings have a good
mechanical resistance and can be used for coil coating, high quality industrial goods and electrical
insulation [10].
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(3)

Polyamide,, polyimide and polyamide
polyamide-imide

A polyamide is a polymer containing monomers of amides joined by peptide bonds.
bonds They can occur
both naturally and artificially, examples being proteins, such as wool and silk,, and can be made
artificially through step-growth
growth polymerization or solid-phase synthesis,, examples being nylons,
aramids, and sodium poly (aspartate)
(aspartate). Polyamides are commonly used in textiles, automotives, carpet
and sportswear due to their extreme durability and strength. The amide link is produced from the
condensation reaction of an amino group and a carboxylic acid or acid
d chloride group. A small
molecule, usually water, or hydrogen chloride
chloride,, is eliminated. The amino group and the carboxylic
acid group can be on the same monomer, or the polymer can be constituted of two different
bifunctional monomers, one with two amino groups, the other with two carboxylic acid
a
or acid
chloride groups. Amino acids can be taken as examples of single monomer (if the difference between
R groups is ignored)
ored) reacting with identical molecules to form a polyamide (Equation 2.3)

Eq ( 2.3 )
A polyimide is a polymer of imide monomers. The structure of imide is as shown in Fig 2.3.
Polyimides have been in mass production since 1955. Typical monomers include pyromellitic
dianhydride and 4,4'-oxydianiline..

Fig. 2.3 General structures of polyimide
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Thermosetting polyimides are known for thermal stability, good chemical resistance, excellent
mechanical properties, and characteristic orange/yellow color. Polyimides compounded with graphite
or glass fiber reinforcements have flexural strengths of up to 50,000 p.s.i. (345 MPa) and flexural
moduli of 3 million p.s.i. (20,684 MPa). Thermoset polyimides exhibit very low creep and high
tensile strength. These properties are maintained during continuous use to temperatures of 232 °C
and for short excursions, as high as 482 °C. Molded polyimide parts and laminates have very good
heat resistance. Normal operating temperatures for such parts and laminates range from cryogenic to
those exceeding 260 °C. Polyimides are also inherently resistant to flame combustion and do not
usually need to be mixed with flame retardants.
Polyamide-imides (PAI) are thermoplastic amorphous polymers that have exceptional mechanical,
thermal and chemical resistant properties. These properties put polyamide-imides at the top of the
price and performance pyramid. Polyamide-imides are produced by Solvay Advanced Polymers
under the trademark Torlon. Other high-performance polymers in this same realm are
polyetheretherketones and polyimides.
Polyamide-imides hold, as the name suggests, a positive synergy of properties from both polyamides
and polyimides, such as high strength, melt processibility, exceptional high heat capability, and broad
chemical resistance. Polyamide-imide polymers can be processed into a wide variety of forms – from
injection or compression molded parts and ingots- to coatings, films, fibers and adhesives. The
product used mainly for coatings is sold in a powdered form and is roughly 50% imidized. One of the
major uses is as the magnet wire enamel. The magnet wire enamel is made by dissolving the PAI
powder in a strong, aprotic solvent such as N-methyl pyrrolidone. Diluents and other additives can be
added to provide the correct viscosity for application to the copper or aluminum conductor.
Application is typically done by drawing the conductor through a bath of enamel and then through a
die to control coating thickness. The wire is then passed through an oven to drive off the solvent and
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cure the coating. The wire usually passes through the process several times to achieve the desired
coating thickness. The PAI enamel is very thermally stable as well as abrasion and chemical resistant.
PAI is often used over polyester wire enamels to achieve higher thermal ratings.[11]
(4)

Polyester and polyester-imide [12]

Polyester resins are unsaturated resins formed by the reaction of dibasic organic acids and polyhydric
alcohols. Polyester resins are used in sheet moulding compound, bulk moulding compound and the
toner of laser printers. Wall panels fabricated from polyester resins reinforced with fiberglass — socalled fiberglass reinforced plastic (FRP) - are typically used in restaurants, kitchens, restrooms and
other areas that require washable low-maintenance walls.
Polyester enamel is essentially the same material used as plastic and its coatings could meet most
general purpose requirements. Tris(hydroxy-ethylisocyanurate) is the tri-functional alcohol have
been successfully used as magnet wire coatings for many years, which is essentially the reaction
products of terephthalic or isophthalic acid with a mixture of 30% to 70% by weight of a polyhydric
alcohol. In making the polyester there preferably should be an excess of alcoholic groups over acid
groups. Normally the number of hydroxyl groups on the alcohol component is 1 to 1.6 times the total
number of carboxyl groups on the acid component. Another type of polyester resin which may be
used successfully is illustrated by the recurring structural unit of the general formula (Fig. 2.4),
where R is an aromatic or an alkyl-substituted aromatic radical containing from 6 to 16 carbon atoms
with not more than 6 of them in the alkyl groups, and n is between 1 and 8 [13]. Polyester resins can
be modified with other resins to meet specific performance requirements.

Fig. 2.4 General structure of a kind of polyester
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The polyester wire enamel is usually modified by incorporation of 1 to 25% of a polyisocyanate
based on the weight of the total of the polyisocyanate and polyester. John et al. [14] prepared a
polyester-polyimide from tris(2-hydroxyethyl) isocyanurate(THEIC), a polycarboxylic acid, an
aromatic diamine and an aromatic carboxylic anhydride containing at least one additional carboxyl
group. The enamel products have good flexibility aging and heat shock at 200℃ as compared to
polyester wire enamels. Later, Schmidt et al. [15] invented a new type of polyester-imide resins
containing 5-membered imide rings between the ester groups. The resins are soluble in cresol, and
cresol solutions are useful as enameling lacquers for wire conductors. This polyester-imide resin
having ester groups of acid and alcohol moieties in the chain which are condensation products of at
least difunctional carboxylic acid or a derivative thereof which is a functionally active equivalent,
and at least difunctional alcohol or a derivative thereof which is a functionally active equivalent, and,
between ester groups, an amount effective to improve the thermal stability of the resin without
rendering the resin insoluble to the extent which would make it unsuiTable for use in a wire lacquer
composed of the resin dissolved in cresol and solvent naphtha.
(5) Summary of resins used in enamelled wire
Wire enamel are classified based on either (a) Chemical base, such as Polyester, Polyester-imide,
Polyamide-imide, Polyurethane, etc. or (b) Thermal rating of the wire, such as Class 155, Class 200
etc. Table 2.1 concludes the insulation resins introduced above in the terms of thermal rating.
Table 2.1 Thermal rating of enamelled wire with different insulation resin
Insulation resin

Class of wire/°C

Special properties of magnet wire

Polyvinyl formal

105

Compatible with transformer oils

Polyester

130

Modified Polyester

130-155

THEIC Modified Polyester

155

15

Polyester Nylon

155-180

Polyurethane

155-180

Fast solderability & good cut
through

Polyesterimide

155-180

Excellent heat shock

THEIC modified polyesterimide

180-200

Resistance to Styrene

Polyamide-imide

220

Aromatic polyimide

220

Polyester Polyamid-imide

220

Polyesterimide polyamide-imide

220

Cresol soluble

2.2.2 Solvents
Generally, coatings depending on its solvent type can be divided into two different systems that are
solvent base (borne) and water base (borne).
Solvent borne: This type of coatings includes organic solvents. Organic solvents are used to dissolve
resins and additives and to disperse pigment in coatings. Also, solvents can adjust the viscosity of
final coatings and affect drying of paints. The dissolution behavior and solvent release during and
after application are two important factors for choosing solvents. Moreover, the evaporation of the
solvents can affect surface smoothness and mechanical properties of the film. Small amount of
solvents may remain in these coatings after curing that can reduce internal tension and linear
shrinkage behavior of final films.
Waterborne: Water borne (water-thinnable) coatings were found in the 1950s to replace the common
solvent base paints. Water is used as solvent in the production and applications of these coatings.
Waterborne paints are different from solvent borne because of the nature of their stabilization in
water; the polymer molecules should be in the form of polymer dispersion or emulsion to be
dissolved or dispersed in water. Now, however, water-based acrylics, epoxies, polyurethanes and
polyesters are only used for certain applications.
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The most common solvents that are used in magnet wire coatings are aromatic like toluene or xylene,
aliphatic hydrocarbon like naphtha, esters of acetic acid like butyl acetate, glycol ethers, alcohols,
and some ketones like methyl ethyl ketone (MEK). They can improve pigment wetting and
dispersion, control the viscosity of coatings and control the drying behavior of coatings. Since the
beginning of the 1980s environmental requirements have become considerably important, the use of
solvent born paints has decreased. Solvent-free and low-solvent are also made to comply with
increasingly strict environmental requirements. However, liquid paints with high content of solvent
have not been replaced by other coating systems in the production of enamelled wire. Many efforts
have been done to increase the solid proportion in enamel paint.
The majority of conventional coatings are solvent borne, traditionally containing about 10% to 25%
solids by weight and a relatively high organic solvent content. The enamel coating designers are
facing a problem that when one increases the solids content of given enamel the viscosity rises
significantly. This makes the application of the enamel to the wire substrate difficult to maintain a
uniform thickness and concentricity. In U.S. patent No.4,578,312 [16], a higher molecular weight
polyether are used to formulate an enamel. However, it has been found that such a resin system, once
applied to the wire, undergoes crazing and is dielectrically instable. In U.S. Pat. No. 4,839,444 [17],
the high solids magnet wire enamel formulation was reported, which was a mixture of high
molecular weight and low molecular weight linear hydroxy polyether. The particular invention
utilizes linear hydroxyl polyether having a molecular weight range from about 5000 to 35000 for the
high molecular weight material while the low one has a molecular weight of about 1800 to 2500. The
resulting enamel had a solid content of 37.1% [2]. With the presence of high molecular weight
polymer, the ability to increase the solids is limited by the final viscosity resulting from these resins.
Solvents are a major source of environmental concern because at room temperatures and ambient
pressures they can volatilize. Exposure to these solvent vapors is dangerous for many reasons. In the
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workplace, solvent vapors can result in a number of human health risks, and solvent vapors can also
pose fire/explosion hazards, necessitating careful storage and handling procedures. When solvent
vapors are released, they emit volatile organic compounds (VOCs) and hazardous air pollutants
(HAPs) into the atmosphere. VOCs combine with nitrogen oxides in the presence of sunlight to form
ground-level ozone, which is a precursor to smog, a major pollutant in urban and industrial areas.
Smog poses a number of human health risks to respiratory function, particularly among persons with
asthma or allergies. In addition, due to the low solids content of conventional solvent-borne paints, a
high volume of paint is required to supply a small amount of coverage. An alternative coating has to
be found.

2.3 Powder coating
Powder coating is a technology that coats powdered paint directly onto an object without using any
solvents. In comparison with traditional liquid coating, powder coating is environmentally friendly,
as powder coating contains no solvent, and thereby the process emits negligible, if any, polluting
volatile organic compounds into the atmosphere. Furthermore, the processes employed for powder
coating do not require venting, filtering, or solvent recovery as is necessary with liquid finishing.
Costs are saved because there is less need for heating outside air to supply oven exhaust air, and most
of the powder coating over-spray can be retrieved and re-used.
The technology for coating products with dry powder rather than conventional liquids has been
available since the 1950s. The powder used for the process is finely ground particles of homogenized
polymeric resin, pigment, filler and additives. The powder is either sprayed electrostatically onto a
surface to be coated, or the substrate is dipped into a fluidized bed of suspended powder. The powder
adheres to a preheated substrate surface in the fluidized bed process, or they adhere electrostatically
in the spray process. When heated further in a curing oven, the particles flow and fuse into a strong,
adhering coating.
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The growth of powder coatings has been dramatic during the last two decades with new applications
continually being developed for both industrial and consumer related markets. The continuing
success of powder coatings is not only due to their known ecological and economic advantages, but
also due to the powder coating industry meeting customers' demands with a two-pronged attack, one
is the development of new formulations and another is the development of advanced equipment and
application processes [1]. It helped overcome finishing obstacles that were common in the early days
of the powder coating industry. These developments have created many new market opportunities.
Now the powder coating has already been applied to coat appliances, furniture, architectural,
building materials, the automotive under hood parts and primer coats in the automotive industry.

2.3.1 Particle size limitation
Although in some markets, traditional liquid coating has been fully or partially replaced by powder
coating because of the advantages mentioned above. Powder coating, however, generally has a
thicker and rougher film than liquid coating.
Normally powdercoatings consist of particles of various shapes and sizes and so may be
characterised by particle size distributions. In terms of size, powder coating materials can be divided
as coarse powder and fine powder. Difference of behaviours in electrostatic spraying can be found
between them. As particles are conveyed to and from a powder gun by air, particle trajectories are
governed by aerodynamic forces, which depend on particle aerodynamic diameter.
The relatively poor surface quality of powder coating is mainly attributed to the coarse powder
employed. Currently, the median particle size of current powder coatings is normally between 30 and
60 µm. This results in a rough surface as shown by the surface profiles in Fig. 2.5 [1], on the other
hand, the film built with the coarse powder is normally over 60 µm, much thicker than that of liquid
coating. In contrast, finer powder allows a much smoother surface and a thinner film as illustrated by
the surface profile in Fig. 2.5(a). Although the fine powder provides low overall PTE, which is
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generally defined as the ratio of the powder deposited on the coating part to the amount of powder
sprayed from the powder spray gun, it yields higher effective film thickness. On the other hand,
coarse powder provide high PTE (high average film thickness, shown in Fig.2.5), but the effective
film thickness is lower than that with fine powder [18]. Yanagida et al. [19] report that high-quality
clear coatings for the automotive industry are attainable with mean paint particle diameter of
approximately 10 µm rather than 30 µm.

Fig. 2.5 Schematics of coating film thickness for the definition of effective thickness factor:
(a) fine powder; (b) coarse powder [1]
The consistency and uniformity of the powder coating layer tends to be better as smaller particle
sizes are used and the width of the distribution function narrows. However, major problems with the
handling of fine powder are liable to occur due to poor fluidization and flowability, with fines
tending to be more cohesive and likely to form aggregates. These negative properties of fine powder
were described and reported in some studies [20-23].

2.3.2 Powder material limitation
Powder coatings generally comprise the solid film-forming resins, sometimes with one or more
pigments, fillers and some additives. Film-forming resins can be thermoplastic but are more usually
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thermosetting, incorporating two co-reactive film-forming resins or incorporating a curing agent for
the film-forming resin in the powder particles. The earliest powder coating resin were comprised of
nylon, cellulose acetate butyrate, polyethylene, plasticized PVC, polyester and chlorinated polyether
between 1958 and 1965. After that, Wingler et al. published a review article entitled “Thermosetting
coating based on acrylate-styrene copolymers for the electrostatic powder spray application”[24].
Labana et al. described various powder coating compositions based on ethylenically unsaturated
glycidyl esters and dicarboxylic acids in U.S. patent [25]. Arlt et al. presented a powder composition
in U.S. Pat No.3,752,793 [26] which consisted of a mixture of copolymer based on acrylic resin
having an average molecular weight ranges from 3,000 to 20,000.
The resin component in the formulation will largely determine the processing and end-use
performance properties of powder coatings. Resins, however, are generally not used alone as they
must be chemically hardened after application to the substrate to make high molecule mass crosslinked polymers. The increasing relative molecular mass of the resin leads to higher solution
viscosity of the binder and also improves properties such as elasticity, hardness and impact
deformation. Therefore, not all formulation in theory and in lab was prepared as commercial products.
Now, the most common polymers used are polyester, polyurethane, polyester-epoxy (known as
hybrid), straight epoxy (fusion bonded epoxy) and acrylics.

2.4 Preparation of ultra-fine particles
Powder coating are generally prepared by intimately mixing the ingredients, for example in an
extruder at a temperature above the softening point of the resins but below the softening point of the
composition. And the coatings are usually prepared as a flaky, resinous sheet of material. The sheet is
then broken up into smaller pieces which, in turn, need to be ground, preferably in a small laboratory
mill in order to produce a fine powder with a particle size that is typically 60 microns and below.
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Great efforts have been devoted to making ultra-fine powder, with average particle size below
micron scale, and even nanometer scale.

2.4.1 Mechanical pulverization and milling
Mechanical pulverization and milling are initial approaches to obtain ultra-fine powder. Powder
coatings do present a challenge to the grinding process since, by design, the material will melt at a
given temperature, making it difficult to grind to a fine powder due to the naturally produced
frictional heat generated during grinding. With the high speed and the new grinding forces involved,
the material stays is in the grinding chamber for a very short time, which reduces any likelihood of
the material overheating and melting.
More and more improvements on the milling equipment were reported. For example, PE pellets can
be pulverized to powder of particle size in the range of 20-10 micron by a new designed mill [27].
Particle size of PTFE can be reduced from original 20 to 2.4 micron (D 50) after being milled by a
Jet-O-Mizer jet mill [28]; Khait wt al. [29]developed a solid-state shear pulverization method to
prepare polypropylene, polyethylene and polystyrene fine powder at temperature below the melt
transition or glass transition. Smith et al.[30] studied the pulverization and compounding of
polymethyl methacrylate(PMMA) and polyisoamylene through high-energy ball milling. Zhe et al.
[31] pulverized an engineering plastic polyamide 6 (PA 6) to ultrafine powder through a kind of pantype milling equipment. After 15 milling cycles, the average particle size was reduced to micron
scale. However, for most existing pulverization and milling equipment, the high-energy consumption
and low efficiency of the preparation of polymer powder are still problems

2.4.2 Chemical methods for preparation of polymeric powder
Chemical methods for preparation of polymeric powder include emulsion polymerization, dispersion
polymerization and solution-recrystallization/precipitation. Emulsion polymerization is a type of
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radical polymerization that usually starts with an emulsion incorporating water, monomer, and
surfactant. The most common type of emulsion polymerization is an oil-in-water emulsion, in which
droplets of monomer (the oil) are emulsified (with surfactants) in a continuous phase of water.
PMMA ultra-fine powder with particle size of 2 micron has been produced by non-soap emulsion
polymerization. Ugelstad et al [32] also synthesized polystyrene monodisperse ultra-fine powder at
the micrometer scale through seed emulsion polymerization. Dispersion polymerization is a versatile
method for the preparation of monodisperse polymer particles in the 0.5-10 micron size range.
Especially the polymerization of styrene and methyl methacrylate in polar media has been
extensively studied. To disperse particles stably, a suiTable steric stabilizer was used, such as
polyethylene oxide [33, 34], poly(vinylpyrrolidone) [35-37], poly(2-ethyl-2-oxazoline) [38],
hydroxypropyl cellulose [39-41] and poly(acrylic acid) [42]. For the solution crystallization
technique, the polymer is crystallized from its solution and the crystals grow epitaxially on the
surfaces of the carbon nanotubes, generally leading to the formation of nanohybrid shishkebab
(NHSKs) structures consisting of a long nanotube in the core (shish) with crystals grown on its
surface as kebabs. However, these methods encounter difficulties in dealing with ready-made
polymers or polymers having no facile solvents.

2.4.3 Emulsion-solvent evaporation
Emulsion solvent extraction/evaporation technique is the most commonly used method to produce
microspheres, especially for preparation of polymeric drug nanoparticles. This method uses oil in
water (O/W) emulsion system, the drug is dissolved, dispersed or emulsified in an organic polymer
solution, which is then emulsified in an external aqueous or oil phase. As the organic solvent is
removed by evaporation, the drug and polymer are precipitated in the droplets, thus forming the
nano-sphere or nano-capsules. The emulsion solvent evaporation technique was fully developed at
the end of the 1970s and has been used successfully in the preparation of microspheres made from
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several biocompatible polymers [43-45]. The technique of emulsion solvent evaporation offers
several advantages; it is preferred to other preparation methods such as spray drying, sonication and
homogenisation, etc., because it requires only mild conditions such as ambient temperature and
constant stirring. Thus, a stable emulsion can be formed without compromising the activity of the
drug. The general emulsification solvent evaporation method used to produce nanoparticles involves
a number of processing and materials parameters: power and duration of energy applied, aqueous
phase volume, polymer and drug concentration in the organic phase, polymer molecular weight,
polymer end groups, solvent volume and surfactant concentration.

2.4.4 Spray drying
Spray drying is a method of producing a dry powder from a liquid or slurry by rapidly drying with a
hot gas. A spray dryer is a device used in spray drying, and it takes a liquid stream and separates the
solute or suspension as a solid and the solvent into a vapor. The liquid input stream is sprayed
through a nozzle into a hot vapor stream and vaporized. Solids form as moisture quickly leaves the
droplets. The solid is usually collected in a drum or cyclone. A nozzle is usually used to make the
droplets as small as possible, maximizing heat transfer and the rate of water vaporization. Droplet
sizes can range from 20 to 180 µm depending on the nozzle. This is the preferred method of drying of
many thermally-sensitive materials such as foods and pharmaceuticals.

2.5 Summary and concluding remarks
A background review of enamel insulation materials and powder coating has been finished in this
chapter. It is noted that the traditional magnet wire is produced by liquid paint, which contains both
resin and solvent. The normally resin are polyvinyl formal (Formvar), polyurethane, polyamide,
polyester, polyester-polyimide, polyamide-polyimide (or amide-imide), and polyimide; the most
commonly solvents are aromatic like toluene or xylene, aliphatic hydrocarbon like naphtha, esters of
acetic acid like butyl acetate, glycol ethers, alcohols, and some ketones like methyl ethyl ketone.
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Powder coating is a possible alternative coating technology to take the place of liquid paint in
enamelled wire production. The advantages and challenges of powder coating technology are
discussed and the preparation methods for ultrafine particles are reviewed as well. In comparison
with traditional liquid coating, powder coating is environmentally friendly and the processes used for
powder coating is simplified. The challenges of powder coating are including the competition
between particle sizes and flow ability and the formulation limitation. So far, the most common
commercial powder coating products are polyester, polyurethane, polyester-epoxy (known as hybrid),
straight epoxy (fusion bonded epoxy) and acrylics, all with the particle size above 30 micron. A
comprehensive study about the powder coating used in the field of enamel coating is undoubtedly
important and desired.
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Chapter 3 Experimental Methodologies

3.1 Experimental materials
This work focuses on a new PVF powder coating, including the methods to produce ultra-fine
powder and optimization of its formulation. The chemicals, including resins, solvents, curing agent,
additives are listed in Table 3.1.
Table 3.1 Materials used in the tests
Materials/Chemicals

Supplier

Grade and Packaging

Remark

Polyvinyl formal resins

JNC CORPORATION

CP/1 Kg

PVF-E

JNC CORPORATION

CP/400 g

PVF-H

JNC CORPORATION

CP/2 Kg

PVF-K

O-Cresol formaldehyde
epoxy resin

Central South University

CP/500 g

CFDER

Melamine resin

Tembec BTLSR INC

CP/500 g

MF-304

Polydimethylsiloxane

Sigma-Aldrich

AR/100 ml

PDMS

Solid epoxy novolac
modified resin

DOW chemicals

CP/500 g

Epoxy 642U

Hardener B31

DOW chemicals

CP/500 g

B31

Sodium dodecyl sulfate

Sigma-Aldrich

AR/100g

SDS

N-octanol

Sigma-Aldrich

AR/500g

--

(E type)
Polyvinyl formal resins
(H type)
Polyvinyl formal resins
(K type)
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Materials/Chemicals

Supplier

Grade and Packaging

Remark

Polyvinyl alcohol

Sigma-Aldrich

99+%/100g

PVA

Sodium laurate

Sigma-Aldrich

99%-100%/100g

SL

Flowing agent

Lubrieol Dist chemroy

CP/1 Kg

P-10

De-gassing agent

Qist Inortech

CP/1 Kg

BEN(Benzoin)

Peroxide

AKZO NOBEL

CP/1 Kg

Trigonox 101

Acetone

Sigma-Aldrich

AR/4 L

--

Methyl ethyl ketone

Sigma-Aldrich

AR/100 ml

MEK

Tetrahydrofuran

Sigma-Aldrich

AR/1 L

THF

Dimethylformamide

Sigma-Aldrich

AR/1 L

--

Toluene

Sigma-Aldrich

AR/1 L

--

methanol

Sigma-Aldrich

AR/4 L

--

Chloroform

Sigma-Aldrich

AR/4 L

--

Dichloromethane

Sigma-Aldrich

AR/1 L

--

(Mw 89,000-98,000)

Note: CP is commercial product, AR is analytical reagent, CR is chemical reagent.

3.2 Experimental equipment
The equipment for preparing the fine powder, the facility for spraying and the instruments for quality
control are listed in Table 3.2.

30
Table 3.2 Equipment and instruments used in the tests
Materials/Chemicals

Supplier

Type

Extruder

Thermo Scientific

HAAKE MiniLab II

Grinder

Black and Decker

Smart grind

Jet mill

Glen Mills

Lab Jet Mill

Electrostatic powder
coating system

--

--

Particle size meter

Malvern Instruments, Worcestershire, UK

Mastersizer 2000

Surface roughness

manufactured by Tokyo Seimitsu Co.

Surfcom 470A

Gloss meter

GENEQ INC

--

Optical Microscope

OPTI-TECH Scientific INC

300C

SEM

HITACHI INC

S-2600N

Bake oven

Sheldon manufacturing INC

SHELLAB SL

3.3 Methods
3.3.1 Fine powder preparation
(1) Microsphere preparation
Microspheres loaded with resins and additives that should be contained in formulation were prepared
following a standard procedure involving solvent evaporation of water-in-oil emulsion (W/O).
Typical preparation was performed dissolving 8.0 g of PVF resin and the corresponding other resins
and additives in 60 mL of chloroform. Then, this hydrophobic phase was selectively added with cosolvent or not, and emulsified in aqueous phase, which was prepared by adding emulsifier and
stabilizer. Once the emulsion was stabilized, agitation was kept with a constant speed until the
chloroform evaporated after diffusing through the continuous phase, so creating solid microspheres
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suspended in water. Finally, to recover the prepared microspheres, the suspension was centrifugally
separated and washed 3 times with DI water, yielding a free-flowing powder.
(2) Precipitation
The precipitation was applied to the separation of particles with different size scale. 15 g powder
with initial mean size of 16-18 micron was put into a 1 L cylinder with water as the medium. The
slurry was fully agitated and then settled down for a certain time. The upper 400 ml slurry was
separated and then the particle size of each part was measured.
(3) Chloroform residual
The residual of solvent was measured by weight method. When the microspheres were picked up
from slurries, wet samples were put on a glass slides and weighted immediately. After a 5 min
exposure to air, it was weighted again. The difference between two values of weight can be roughly
calculated as chloroform residual in microsphere.
(4) Emulsion stability
Emulsion stability was evaluated through visual observation. The emulsifying process was conducted as the method
shown in 3.3.1.

Once the emulsion was stabilized, agitation stopped. After 5 hours, we observed the

emulsion. If it was separated into two phases, it was decided to be unstable. Otherwise, it was stable.

3.3.2 Measurement of particle size
(1) Average Particle size and particle size distribution
The particle size distribution is obtained by laser diffraction measurement (Mastersizer 2000,
Malvern Instruments, Worcestershire, UK) following standard test procedures. To report both a
central point of the distribution along with one or more values to describe the width of distribution,
the results are reported by giving the values of D10, D50, D90 based on a volume distribution and
the specific surface area. D10 is defined as a diameter where 10% of the particles of the powder are
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less or equal to the diameter by volume. So that D50 represents the medium particle size of the
powder samples, while D10 and D90 are the popular parameters used to determine the amount of fine
and coarse particles. The particle size analyzer can measure particle sizes ranging from 0.02 to 2000
µm, with fairly high reproducibility. The system deviation was reported as 0.3%2(at 2009, June).
Two measurements were carried out for each sample in this work, and the results shown in this thesis
are in average.
(2) Size fraction
Particle size distribution was determined by sieve analysis. Sieves with mesh sizes 50, 100, 125, 160,
200, 250, 325, 400 meshes were used. Sifting time was about 15 min upon powder.

3.3.3 Evaluation of surface quality
(1) Number of defects on coating finish
Defects or faults on the coating film can be named as pinholing, cratering and fish eye. A paper with
five holes was used to account the number of defects on the coating film (as shown in Fig.3.1). The
number of faults in each hole was recorded and the total number was calculated.

Fig. 3.1 The template for measuring defects on coating film (12cm ×6cm)
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(2) Film surface smoothness
Film appearance was assessed using surface roughness, which was defined as RMS (root mean
square) roughness Rq and was measured using a Surfcom 470A manufactured by Tokyo Seimitsu Co.
(3) Measurement of gloss
Gloss is a measure of the proportion of light that has a specular reflection from the surface. The gloss
meter provides a quantifiable way of measuring gloss intensity ensuring consistency of measurement
by defining the precise illumination and viewing conditions. The configuration of both illumination
source and observation reception angles allows measurement over a small range of the overall
reflection angle (60 degree for this measurement). Before the measurement, a black glass standard
was used to define refractive index. All coating films were measured three times, and the gloss
intensity reported in this thesis was the average of each measurment.
(4) Electron microscopy
Surface and shape characteristics were examined by scanning electron microscopy (JEOL JSM 5800)
at accelerating voltage 5 kV using secondary electron imaging. Prior to the examination, samples
were carbon-coated and additionally sputtered with gold to avoid charging under the electron beam.
(5)Transfer efficiency
Transfer efficiency was assessed by using a static method in which the electrostatic coating gun was
mounted and focused at the center of a 0.3×800×900 mm tin panel coated with a solvent-based
primer surfacer. Transfer efficiency was evaluated by measuring the weight adhering to the panel
divided by the total powder output after 30 s of spraying.
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3.3.4 Spraying of powder
The spray booth is 2 feet in all dimensions and attached to a vacuum (Nilfish-GM80) to provide air
flow. An ITW Gema manual spray guan was used to spray powder at a 30 cm diameter target from a
distance of 20 cm. the voltage and air flow rate were set at the certain values, and the powder was
feed as a batch test. 3 g sample was used. After spraying, the targets attached by powder were weight
and then put into bake oven for coating curing.

3.3.5 Curing of powder coating
The cure process, called crosslinking, requires a certain temperature for a certain length of time in
order to reach full cure and establish the full film properties for which the material was designed.
When powder on the panel is exposed to an elevated temperature, it begins to melt, flows out, and
then chemically reacts to form a higher molecular weight polymer in a network-like structure.
Normally the powder in this experiment cured at 215°C for 15 min. The curing schedule varied when
we investigated the effect of curing temperature and curing time on the surface quality. At that time,
the temperature and curing time are set according to the tests’ specifications.
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Chapter 4 Preparation of PVF Ultra-fine Powder

4.1 Physical properties of PVF resin
Polyvinyl formal (PVF) resins are a family of high molecular weight polyvinyl methylal polymers
prepared by polyvinyl alcohol and formaldehyde. The details of preparation are included in chapter 2
(2.2.1 resin). In this work, PVF resins are supplied by JNC Corporation (Tokyo, Japan). There are
three types of PVF resin in terms of their molecular weights; the properties of the three products are
listed in Table 4.1. The thermal gravimetric analysis of the three PVF resins is shown in Table 4.2.

Table 4.1 Types of PVF resin used in this work
PVF resins
Quality of products
E type
Appearance

H type

White or light yellow powder having no contamination

Grain size

Pass through a TYLER 12 mesh standard sieve (<1.40 mm)

Volatile matter (wt%)

2.2 or less

Free acid

(wt%)

0.1 or less as acetic acid

Vinyl formal

(wt%)

80.5-85.5

Vinyl acetate

(wt%)

9.5-13.0

Vinyl alcohol

K type

(wt%)

5.0-6.5

Ostwald viscosity (mPa·s)

29.7-51.2

14.3-17.0

8.0-10.7

Molecular wight (Mw)

95,000-134,000

66,000-75,000

44,000-54,000
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Table 4.2 Thermal gravimetric properties
PVF resin
Gravimetric prop.
E type

H type

K type

360.1

357.2

357.0

Glass transition temp.(℃)

113

113

113

Heat distortion temp.(℃)

93

90

87

Heat-seal temp.(℃)

107

99

96

Decomposition temp
(℃, in air)

4.2 Powder coating formulation
Powder coating is composed of resins, pigments or fillers and additives without any solvents (organic
solvents or water). In other words, all of raw materials in powder coatings are in powder or pellet
forms and the paint at last is in the fine powder form as well. Based on the investigation of liquid
coating of PVF enamelled wire[1] and the curing reaction of PVF with other resins[2-3], we initially
set the formulation as follow (Table 4.3).
Table 4.3 Initial formulation of PVF-E type enamelled wire
Reagents

Class mole

Weight (wt%)

PVF-E type

110

99.03

Novolac epoxy

60

0.34

Melamine

25

0.03

Flowing agent

P-10

0.10

0.45

De-gassing agent

BEN

0.30

0.15

Total binder

--

--

100

Resins

In this formulation, PVF is the main part of resins in formulation. Traditionally, phenolic resin
should be mixed with poly(vinyl acetal/ methylal)s and cured at high temperature, and it is known
that PVF mixed with phenolic resin increases its flexibility and adhesiveness. Now, with the
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development of resin market, epoxy resins are of the most important thermosetting polymers. They
are currently used in advanced composites, nanocomposite and coatings due to their high stiffness,
high strength, good chemical resistance and dimensional stability. Therefore, a kind of polyfunctional epoxy that are capable of creating high crosslink densities are adopt to take the place of
phenolic resin in PVF enamel formulation, with a better high-temperature performance (The reaction
as Eq 4.1) [2]. The poly-phenolic epoxy can be reacted with formaldehyde from PVF resin via the
methylol stage to form the soluble oligomers, finally being cured to produce thermosets[4]. Another
resin used in this formulation is melamine resin, which has a similar chemical property as phenolic
resin, and can have a reaction with PVF as well. Moreover, it is high-melting and thermally stable.

Eq 4.1

4.3 Mechanical methods
Powder coating are generally prepared by intimately mixing the ingredients, for example in an
extruder at a temperature above the softening point of the resins but below the softening point of the
composition. And the coatings are usually prepared as a flaky, resinous sheet of material. The sheet is
then broken up into smaller pieces which, in turn, need to be ground, preferably in a small laboratory
mill in order to produce a fine powder with a particle size that is typically 60 microns and below.

4.3.1 Mixing and extruding
Based on the thermal properties of the three reins in above formulation, we initially set the
temperature of extruder to 95℃, and the residence time in this screw mixer at around 1 min and 30
seconds (set as 2 circles). After that, the raw materials would be extruded through a narrow exit,
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forming chips by cutting. At 95℃ and by using the conventional mixer, however, the resin mix is
difficult to be extruded as PVF takes a dominated part in formulation.
PVF resin has a very high tensile strength in comparison to traditional powder coating materials such
as PP, PE. The tensile strength of a material is the maximum amount of tensile stress that it can take
before failure, for example breaking. Furthermore, the bending strength of PVF is about 20 times of
PE. The physical properties of PVF can be found in Table 4.4.
Table 4.4 Physical properties of PVF and some resins
Physical properties

Vinyl Formal (PVF)

Polyethylene (PE)

Polypropylene (PP)

Tensile strength

76

29

33

Bending strength

121

6.8
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Elastic modulus

2.9

0.7

1.4

Pre-treatments of resins can chemically modify the surface, improve the interfacial bonding, and then
fix up the mechanical properties. Among the various treatments, peroxide treatment of PE or PP, as
well as the addition of peroxide to the molten polyethylene terephthalate (PET) during processing,
has attracted the attention of various researchers due to easy process ability. In some cases, although
the peroxide treatment only had a marginal influence on the tensile strength, whereas the tensile
modulus of the treated composites was smaller than that of resin that untreated[5]. We had to use a
commercial organic peroxide agent to treat the mix of resins in formulation, and then let them mix in
screw extruder at different temperatures. The result is shown is Table 4.5.
Ahmad et al. [5] assumed the decrease of tensile modulus of the treated composites can be attributed
to a combination of the reduction in the crystallinity of the polymer matrix as a result of peroxide
treatment. There is no reference about the using of peroxide treatment in PVF resin, so the
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mechanism of the chemical modification or improvement of the interfacial bonding of resins are
valuable for further study.
Table 4.5 Extruding of resin mix pre-treated by organic peroxide
Weight of peroxide
Tempertaure

0.5% (wt%)

1% (wt%)

2% (wt%)

95℃

Uncirculated in mixer

Uncirculated in mixer

Uncirculated in mixer

105℃

Uncirculated in mixer

extruded

extruded

115℃

extruded

extruded

extruded

4.3.2 Grinding or milling
Grinding and milling operations were conducted by a grinder and a jet milling equipment, both of
which were introduced in Chapter 3. Table 4.6 is the particle size distribution of powder prepared by
jet mill (Operating condition). Table 4.7 is the particle size distribution of powder prepared by
general grinder (Operating condition).
Table 4.6 Particle size distribution (Fine powder after jet milling)
Particle size (μm)

Weight percentage (%)

+150

19.5%

-150~+75

74.8%

-75~+45

5.7%

Table 4.7 Particle size distribution (Powder after grinding)
Particle size (μm)

Weight percentage (%)

+150

81.0%

-150~+75

17.5%

-75~+45

1.5%
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The failure mechanisms of resins have been explored as a function of temperature. At -45~-50℃,
epoxy resin becomes less fracture toughness[6]. We used liquid nitrogen to lower the temperature of
grinder to -45~-50℃ and then processed the fine powder. By this method, powders with particle size
distribution shown in Table 4.8 were obtained.
Table 4.8 Particle size distribution (Powder by grinding at -45~-50℃)
Particle size (μm)

Weight percentage (%)

+150

22.8%

-150~+75

67.3%

-75~+45

9.9%

Mechanical pulverization and milling are general approaches to obtain fine powder for most resins.
This method, however, do present some challenges with grinding of the three resins in which PVF is
predominated. The material has a very high toughness at room temperature, making it difficult to
grind to a fine powder both by jet milling or general grinding. Maybe with the high speed and other
type of grinding forces involved, the sample can be processed efficiently.

4.4 Gradual solvent evaporation
Emulsion solvent extraction/evaporation technique is the most commonly used method to produce
microspheres, especially for preparation of polymeric drug nanoparticles. This method uses oil in
water (O/W) emulsion system. The drug is dissolved, dispersed or emulsified in an organic polymer
solution, which is then emulsified in an external aqueous or oil phase. As the organic solvent is
gradually removed by evaporation, the drug and polymer are precipitated in the droplets, thus
forming the microsphere or capsules. This method appears to be relatively simple without the
involvement of complicated chemical reactions. However, the mechanisms of formation are quite
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subtle and closely related to several parameters, depending greatly on the nature of the system such
as polymer, solvent, co-solvent and active or stable agent properties.

4.4.1 Types of solvents
Organic solvent used in oil-in-water (O/W) emulsion system should have the solubility for all
components involved in the formulation (as in Table 4.3), and must be gradually evaporated in the
following stirring process at a defined temperature. The certain temperature is closely related with
phase inversion temperature (PIT) of emulsifier, as it was reported that at 75℃, by using ethoxyiated
emulsifier, there is no hydrogen bonding found in emulsion, and the hydrophilic-lipophilic balance
(HLB) of emulsifier decreased to 5 from 12 at room temperature. The possible solvents for resins
were listed in Table 4.9. Tetrahydrofuran(THF), toluene: methanol (6:4 , vol%) and chloroform have
boiling point at round 65℃, and they all works for the three resins in formulation. Considering the
physical properties and the hazards, chloroform was chosen as the oil phase in this O/W emulsion.
PVF and other resin chips are gradually added into warm chloroform, and then distributed, heated to
near boiling point (55-60℃), kept warm for about one hour.
Table 4.9 Possible solvents for PVF, novolac epoxy and melamine resin
Solvents

Boiling point/℃

PVF

Novolac epoxy

Melamine resin

Acetone

56-57

Yes

Yes

Yes

Methyl ethyl ketone

79.6

Yes

Yes

Yes

Tetrahydrofuran

66.0

Yes

Yes

Yes

Dimethylformamide

153.0

Yes

Yes

Yes

Toluene: methanol
(6:4 , vol%)

63.8

Yes

Yes

Yes

Chloroform

61.2

Yes

Yes

Yes

Dichloromethane

39.6

Yes

Yes

Yes
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4.4.2 Kinetic and thermodynamic prediction
The formation of microsphere is basically a process involving both mass transfer and thermodynamic
phase separation. Alonso et al [7]used multiple correlation to study the effect of variables on the
particle size. Moldenhauer et al[8] studied the effects of solvent evaporation rate on the microsphere
properties in coacervation process by varying the vessel size. Wen et al calculated the kinetic and
thermodynamic model and it was proved by the experimental data from the formation of peptideloaded polylactideco-glycolide microsphere[9, 10].
The equations of mass transfer were developed by considering the dispersed phase (DP) and
continuous phase (CP) separately as shown in Fig.4.1. The physic-chemical properties of the system
can be classified into transport parameters and interaction parameters. Transport parameters include
the diffusion coefficients of solvent and water system, the polymer in solvent system. Interaction
parameters include those of the solvent-resin, solvent-water, and water-polymer phases. The mass
transfer in dispersed phase has been assumed to be a multicomponent diffusion process involving
several components including solvent (and co-solvent) resin or non-solvent. The mass transfer in
continuous phase (CP) was derived based on the assumption, in which CP is a homogeneously mixed
fluid with no gradient, and it occurs at the interface between the CP and DP, and at the interface
between the CP and air.
The governing equation in the DP expressed the change of the volume fraction of each component in
DP with respect to time and space, the equation can be found in reference [9, 10] (Eq.4.2). The
governing equation in the CP represents the concentration profile of solvent in the CP with respect to
time (From reference [10] seen as Eq. 4.3).
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Fig. 4.1 Schematic diagram of microsphere formation

Eq.4.2

Eq. 4.3

The equations used to calculate the rate of change of the radius and volume of the micro-droplet in
the DP were developed as follow (from reference [9] as Eq.4.4)
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Eq.4.4
where “J” represents the volume flux of 1-solvent, 2-cosolvent, 4-nonsolvent. The influx of
nonsolvent and outflux of cosolvent can be assumed almost complete in the very early stage.
Therefore, the volume flux of cosolvent and nonsolvent were considered as zero. Eq 4.4 was used to
derive the solvent removal profile. In the mass transfer equations, there is a lot of transport
parameters involved, including diffusivity of solvent in CP, diffusion coefficients of the solventpolymer, interaction parameter for solvent-polymer system. Wei et al. [9] considered all parameters
and use a D03Phf subroutine (PDE solver) solved these equations. Fig.4.2 shows the solvent removal
for a 500 ml and 1500 ml batch at DP and CP ratio of 1/25.

Fig. 4.2 Experimental and calculated CH2CI2 removal profile for model testing (From
reference [9]).
In this reference, the solvent is CH2Cl2, which has a diffusivity of solvent in the water of about
1.07×10-5 cm2/s based on Hayduk-Laudle correlation equation [12]. In our work, the solvent is
CHCl3. The diffusivity of solvent in water is 1.07×10-5 cm2/s as well. So the profile about solvent
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removal in reference can be used to estimate the approximate onset time for microsphere
solidification. During the microsphere formation, the physical states of a polymer solution can be
divided into three areas: solution state, gel state and glassy state. When the polymer solution is
concentrated due to the progression of mass transfer of the solvent, the polymer in the DP becomes
more viscous, and eventually reaches the gelation region. If we assume gelation point occurred at 95%
removal of original solvent in the DP, gelation would started at 80 min for 500 ml batch and more
than 100 min for 1500 ml.
In reference [10], the authors have shown the effect of DP and CP ratio on the removal of CH2Cl2 in
DP (as Fig.4.3).

Fig. 4.3 Effects of DP/CP ratio on the removal of CH2Cl2 in the DP(From Reference [10])

It is noticed that the higher DP/CP ratio, such as 1/10, showed very slow solvent removal, while
DP/CP ratio of 1/20 or 1/25 exhibited a higher solvent removal rates.

46

4.4.3 Preparation temperature Vs emulsion stability

Emulsions are inherently thermodynamically unstable. Even with the right surfactant, it may
completely break (coalescence), i.e., the system separates into bulk oil and water phases. This can be
generally considered to be governed by some different droplet loss mechanisms, including Brownian
flocculation, creaming, sedimentation flocculation and disproportionation. In these reasons,
temperature has an incredible effect on Brownian flocculation, so operating temperature determines
the stability of emulsion. The emulsion can be processed at a constant temperature throughout the
process or starting at room temperature and then rise with a constant rate. Table 4.10 lists the
constant temperatures in preparation, and the stability of the O/W emulsion as a function of
temperature. Operating condition is 60 ml chloroform with 8 g resins (about 12 wt% solid), 1500 ml
DI water, agitation speed is 6000 r/min, sodium dodecyl sulphate (SDS) 2.0 g.
Table 4.10 Effects of operating temperature on emulsion stability (1)
Test No.

Temp. /℃

0 hour

5 hours

With agitation

1

20

emulsion

Stable

microsphere

2

30

emulsion

Stable

microsphere

3

45

emulsion

Unstable

bulk gel

4

60

Cream and water

Unstable

bulk gel

The effect of temperature on the volume fractions of oil, cream, and water phases has been reported
by reference [13], as shown in Fig. 4.4. It is reported that the stable O/W type emulsions are obtained
in a certain range of temperature, and higher than that temperature would lead to fail of
emulsification or reverse to W/O emulsion.
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Fig. 4.4 The effect of temperature on the volume fractions of oil, cream, and water phases
(From reference [14])

Table 4.11 recorded the stability of emulsion and the microsphere after 5 hours evaporation, when
the preparation started from room temperature (20±2℃), and then increase to a certain degree at
constant rate within 60 min.
Table 4.11 Effects of operating temperature on emulsion stability (2)
Test No.

Initial Temp. /℃

Terminal Temp. /℃

With agitation

Morphology

5

20

45

microsphere

Shown in Fig.4.5 (a)

6

20

55

microsphere

Shown in Fig.4. 5 (b)

7

20

65

bulk gel

--

This result indicated that although the stable emulsion has been built in a system initially, with the
increasing of temperature viscous region that we have assumed only 5% of solvent left (Section 4.4.2)
are highly affected by Brownian flocculation. The Microsphere that obtained at terminal temperature
55℃ has a larger particle size, with comparison to the powder from terminal temperature 45℃.
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(a)

(b)

Fig. 4.5 Micrographs of microspheres made by gradual solvent evaporation method, (a) at
terminal temp. of 45℃, (b) at terminal temp. of 55℃. (By optical microscope ×200)

4.4.4 Determination of microsphere solidification time
Section 4.4.2 describes the theoretical method to estimate the gelation point. Actually, there are
several experimental approaches to determine microsphere solidification rate. For instance, Yang et
al[14] have determined the shrinkage rate of microspheres during evaporation by tracking a reduction
in particle diameter with an optical microscope. The results could, in each case, be linked to the
microsphere formation rate. In this work, we have determined the solidification time based on
solvent residual. Analysis of residual chloroform in polymer microsphere was carried on droplets
recovered at different stages during preparation. Wet microspheres were put on a glass slides and
weighed immediately. After a 5 min exposure to air, it was weighed again. The difference between
the two values of weight can be used to roughly calculate chloroform residual in microsphere.
Figure 4.6 shows the solidification process by measuring solvent residual with two preparation tests
of microsphere: at constant 20℃ (Test No.1) and starting at 20℃ and then rise to 45℃ within 60 min
(Test No. 5). It is revealed that higher temperature at 60 min, higher evaporation, and shorter
solidification time.
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Fig. 4.6 Solidification time of microsphere by gradual solvent evaporation method

The morphology of powder prepared by gradual evaporation method (Test No.5) was checked by
SEM (Fig. 4.7). The solidified products are all perfect spherical particles, so that it may have the
advantages of excellent powder flow ability and higher transfer efficiency compared to mechanically
produced powder coatings[15].

Fig. 4.7 The morphology of powder prepared by gradual evaporation method (Test No.5)
formation
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4.5 Conclusions
The mechanical and chemical methods to prepare the fine powder of PVF type enamelled wire
coating were described in this part:
(1) At first, it was found that the resin mix is difficult to be extruded as PVF takes a dominated
part in formulation, which has a very high tensile and bending strength in comparison to
traditional powder coating materials, such as PE and epoxy. A kind of commercial organic
peroxide agent was used to treat the resins in formulation, and it is able to improve the flow
ability in extruder.
(2) Mechanical pulverization methods were employed to produce fine powder. Resins mix has a
very high toughness at room temperature, so both jet milling or general grinding do not work
unless operating temperature decreases to minus 50 degree by liquid nitrogen.
(3) Before the experimental study of solvent evaporation method to make fine powder, kinetics
and thermodynamics were used to predict the operating parameters. Based on theoretical
models in reference, it was estimated that when the batch is 1500 ml, the solvent evaporation
at least takes 100 min, and a higher volume ratio of dispersed phase to continuous phase
exhibits a lower solvent removal rates.
(4) Preparation temperature was also an important influence on the formation of microspheres. It
is reported that the stable O/W type emulsions are obtained in a certain range of temperature
(no higher than 45℃), and temperatures higher than that would lead to fail of emulsification
or reverse to W/O emulsion.
(5) When the microspheres are produces in a changeable temperature system, it is indicated from
the results of tests that higher terminal temperature, faster solvent evaporation, and shorter
solidification time.
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Chapter 5 Particle Size Distribution and Coating Finish
Quality

The particle size distribution (PSD) of powder plays a primary role in powder coating. Horinka [1]
reported that both first pass transfer efficiency (FPTE) and appearance depend upon the mean
particle size (d50) and the width or geometric standard deviation of the size distribution. Decreasing
the d50 to 10 µm was reported by Yanagida [2] for high quality appearance in automotive clear coat
application.

5.1 Factors affecting particle size distribution by solvent evaporation method
For the gradual evaporation method, although it is conceptually simple, many variables can influence
the PSD of final product, including emulsion stirring speed, phase ratio of emulsion system (DP/CP),
polymer concentration in oil phase, type and concentration of emulsifier, co-solvent and stabilizer.

5.1.1 Ratio of DP/CP
In Chapter 4.42 (Fig.4.3), with study of kinetic of microsphere formation in emulsion system, it was
predicted that a higher DP/CP ratio would have relatively slow solvent removal, while the lower
ratios of 1/20 and 1/25 would exhibite higher solvent removal rate. The effect of DP/CP ratio on
particle size was experimentally studied with four DP/CP ratios ranging from 1/5 to 1/20. The test
conditions were: resins content in DP of 12 wt%, the stirring speed about 5000 rpm, SDS of 2.5 wt%
and operating temperature at 20°C in constant. Results of tests are listed in Table 5.1.
As predicted, with the DP/CP ratio of 1/5, the average particle size is the largest. The reason may be
at the terminal of evaporation, there should be still about 30% of the initial solvent left in the DP. So
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microspheres have not been completely solidified. Their status is between the gel and glass state.
When the agitation was stopped, particle size may increase due to partial agglomeration. With the
decrease of the DP/CP ratio, the solvent removal time is shorter and then at the termination of
operation, microspheres have already been completely formed, there is no influence on their size.
Table 5.1 The effect of DP/CP ratio on the particle size of microsphere
DP/CP ratio

D(v,0.5)

D(4,3)

D(3,2)

1/5

43.15

59.39

21.45

1/10

19.32

27.32

6.78

1/15

17.03

23.60

6.02

1/20

16.19

22.81

6.57

Solid (resins and additives) content in the DP was varied as well. With the experiment condition, the
DP/CP ratio of 1/15, the stirring speed at 5000 ± 50 rpm, SDS (2.5 wt%) and operating temperature
at around 20°C in constant, resin content ranged from 5% to 15%. When the concentration of PVF
resin is higher than 15%, the viscosity of the DP is as high as 1500 cps, which has a negative effect
on the diffusion of DP in the CP. The dilute DP decreases the average size of droplets, but without
recycling of chloroform, it costs a lot. Therefore, the resins content in the DP of 12% by weight was
selected.

5.1.2 Agitation speed
The effect of various stirring speeds on the particle size of the microspheres was studied at a
temperature of 20℃, with a DP/CP ratio of 1:15 and using SDS as emulsifier (2 wt%). During
emulsifying, we used a constant stirring speed of 6000 r/min. After the emulsion was stabilized (in
about 10-15 min, up to each case), agitation was kept with a constant speed until the chloroform
evaporated after diffusing through the continuous phase, to creat solid microspheres suspended in
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water. The results summarized in Table 5.2 show that the increase in the stirring speed from 3500
r/min causes a decrease in the size of the microspheres. This finding is in accordance with reports of
other microspheres produced by gradual solvent evaporation [3]. At higher stirring speed a finer
emulsion is obtained, since the shear force is greater. Additionally, more intense agitation prevents
agglomeration of “immature” microspheres more successfully.
Table 5.2 The effect of stirring speed on the particle size of microsphere
Stirring speed (r/min)

D(v,0.5)

D(4,3)

D(3,2)

3500

32.72

34.98

23.68

4500

22.71

28.46

10.79

5000

16.50

18.97

9.81

5500

12.72

17.95

4.51

6000

10.87

14.38

4.48

7000

4.94

6.76

1.96

Fig.5.1 shows the particle size distribution as a function of stirring speed. At lower rate, although the
average particle size of powder becomes bigger, the distribution is narrower. This can be explained
by the mechanism of microspheres formation during the preparation: as long as one has an emulsion
system, a constant stirring speed causes a reasonable size of the emulsion droplets. If the stirring
speed is increased at the beginning of evaporation when a solidification of the droplets has not begun
yet, the greater shear force has significant influence on the average particle size. Before microspheres
have already been completely formed, there are many smaller size particles in emulsion.
When we tested the stirring speeds which were lower than 3500 r/min, the mechanical agitation was
replaced by magnetic stirring. Based on reference work, a formation of bigger microspheres at lower
stirring rates was expected. It was presumed that, by lowering of stirring speed during evaporation,
the average particle size would shift towards greater values in comparison to use mechanical stirring
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equipment. However, by using magnetic stirring, the solvent diffusion into the outer emulsion phase
is not efficient, the slow evaporation lead to the agglomeration of unsolidified droplets, resulting in
powder with poor flowability. The effect of low stirring speed on the powder was reported by the
yields of the free flow powder. The result is shown in Table 5.3. A change in agitation speed can
adjust the powder size, but it should be higher than 600 r/min.

Fig. 5.1 The effect of stirring speed on the particle size distribution

Table 5.3 The effect of stirring speed on yield of free flow powder
Stirring speed (r/min)

Yield (%)

D(v,0.5)

200

0

--

400

0

--

600

37.5

78.36

800

81.27

53.15

1000

90.87

40.48
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5.1.3 Surfactants and co-solvent
A surfactant is briefly defined as a material that can greatly reduce the surface tension of water when
used in very low concentrations, which is made up of a water soluble (hydrophilic) and a water
insoluble (hydrophobic) components. The surfactant is one class of emulsifiers, which can stabilize
an emulsion by increasing its kinetic stability. The hydrophilic groups give the primary classification
to surfactants, either anionic, cationic or non-ionic in nature. In this thesis the typical anionic (sodium
dodecyl sulfate, SDS) and non-ionic emulsifiers (TWEEN 20) were tested, and the influence of
dosage of surfactant on particle size of droplets was investigated.
The experimental conditions are: DP/CP ratio of 1/15, resins content of 12 wt% and operating
temperature at around 20°C, SDS or TWEEN 20 as emulsifier, with dosage of 5% (by weight) for
each. Once the DP was added to CP, the stirring speed was increased to about 6000 r/min, and after
10-15 min emulsification, the emulsions were left in fume hood. The time of bulk oil formed on the
surface of emulsion was recorded subjectively. It is noticed that SDS is more efficient than TWEEN
20 in this system as the stable emulsion can be maintained for about 2 hours, which is nearly twice
longer than TWEEN 20. The dosage of SDS was optimized by measuring yields of free flow powder
and its particle size. The result is shown in Table 5.4.
Table 5.4 The effect of dosage of SDS on yield of free flow powder
Dosage of SDS (wt% of the DP)

Yield (%)

D(v,0.5)

0

0

--

0.1

0

--

0.5

50.46

32.10

1

87.53

19.14

2

91.17

16.50

3

90.88

17.19
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It is quite clear that without SDS or with a very low concentration of SDS, the emulsion is not stable,
so that the gel state droplets coalesce and then lower the yield of free flow powder. When dosage of
SDS is up to 1% (by weight), the system becomes stable. Thereafter, the increase of yield is marginal
and the average size of droplets is between 15 to 20 µm.
Alcohol is a special component in microemulsion system, as it alone was found to act only weakly
amphiphilic when added to a binary water-oil mixture. It was concluded that however, the alcohols
may preferably be treated as “co-solvents” that partition between the aqueous domain, the oleic
domain, and the amphiphilic film. Penders [3] had explained the predominant effects of the alcohol:
One effect is to change the effective hydrophilicity of the amphiphilic mixture. The other is that the
addition of n-octanol to the ternary system water-pentaethylene glycol mono-n-octyl ether -octane
increases the efficiency (or solubilization capacity) of the amphiphilic mixture, while at the same
time distorting the three-phase region of the microemulsion system. An increased efficiency can
quite generally be related to a decrease in interfacial tension between bulk water- and oil-rich. Lee et
al. [4] has reported when a small amount of n-octanol is diffused into water droplets containing
surfactant micelles, the octanol molecules are solubilized inside them.
Moreover, the solubilisation capacity increases approximately with the increase of the concentration
of the surfactant. As a result, this co-solvent can help control the size of micro(nano)sphere in W/O
microemulsion system. To verify whether there is any influence of co-solvent on the O/W emulsion
system, the resin powder were prepared in the presence and absence of n-octanol. The results are
revealed in Table 5.5. n-octanol was added in the DP phase before it was dropped into the CP phase.
It is indicated that by using co-solvent, the average particle size of microspheres becomes smaller. In
this O/W emulsion system, n-octanol still has positive effect on the interfacial tension between the
CP- and the DP.
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Table 5.5 The effect of co-solvent (n-octanol) on the particle size of microspheres
Dosage of n-octanol
(wt% to DP phase)

D(v,0.5)

D(4,3)

D(3,2)

0

16.50

18.97

9.81

1%

10.74

15.33

3.71

5%

7.52

9.58

3.43

5.1.4 Stabilizers
The effect of type and concentration of stabilizers viz. sodium laurate(SL) and polyvinyl alcohol
(PVA), on the size and geometry of the microspheres was studied by keeping the other parameters
like the stirring speed (5000 ± 50 rpm), resins content (12 wt%), SDS (1.5 wt%) and temperature
(20°C) constant. There is no effect on geometry of microsphere, as nearly all of them are spherical
spheres, which has been verified by optical microscopy (figures are not included in this thesis).
However, The PSD curves plotted in Fig.5.2 shows that in the presence of PVA (0.5%), the
distribution of powder becomes narrow and the particle size is smaller. It is reported that PVA gives
spherical spheres without agglomeration; with increasing of dosage of PVA up to 5%, the particle
size decreases to about 20 µm from 200 µm [5].

5

With 0.5% PVA
With 0.5% SL
without stabilizer

4

Diff%

3

2

1

0
0
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80

Size (um)

Fig. 5.2 The effect of type of stabilizers on the particle size distribution
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It is also seen that the increase of SL concentration up to 2 wt% has no effect on the microsphere size
distribution. Furthermore the effect of different concentrations of PVA was tested, from 0.1 to 5
wt%. The result is shown in Table 5.6.
Table 5.6 The effect of concentration of stabilizers on the particle size distribution
Concentration of PVA(wt%)

D(v,0.5)

D(4,3)

D(3,2)

0.1

17.86

24.99

6.32

0.5

13.94

20.71

4.27

1.0

10.60

14.14

4.25

2.0

10.34

14.43

3.73

3.0

7.41

11.31

2.29

5.0

4.51

6.10

1.85

Fig. 5.3 The effect of concentration of stabilizers on the particle size distribution

It is clear that the variation in the concentration of PVA in the dispersion medium affects the size of
the microspheres. As the percentage of PVA increases, the size of the microspheres decreases. It was
also observed that the minimum concentration of PVA required for the deagglomeration of organic
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droplets in the aqueous medium was 0.5 wt%, as with 0.1% PVA, the particle size distribution is
wider (shown in Fig.5.3). Above this value, the distributions of powder are similar (not all curves
were included).

5.2 Coating finish quality as a function of particle size
To understand the relationships between surface quality and powder particle size, we have conducted
several measurements on aluminum panels that were coated with enamelled wire coating, with an
average particle size at around 15µm, 45µm and 75µm. The surface quality was characterized by
roughness and gloss. The characterization methods can be found in chapter 3. The formulation of
enamelled wire coating that was used to test the surface quality was different from the formulation
above that was initial formulation (listed in Table 4.3). The reasons that we changed the formulation
would be explained in next chapter, which is about the optimization of the formulation. Resins, fillers
and additives in the new formulation are listed in Table 5.7.
Table 5.7 Formulation of PVF-K type enamelled wire coating with epoxy resin
Reagents

Class mole

Weight (wt%)

PVF-K type

100

47.11

Cresol formaldehyde epoxy

375

2.12

Melamine

150

0.17

Flowing agent

P-10

0.10

0.30

De-gassing agent

BEN

0.30

0.30

Filler

Epoxy 642U(B31)

N/A

50

Total binder

--

--

100

Resins

The results of film gloss are shown in Fig. 5.4. Gloss intensity was found to reduce dramatically with
an increase in average particle size (d50). Coarse particles produces large irregularities in the film that
cause it to coalesce and degas slowly, resulting in a poor appearance.
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Fig. 5.4 Film gloss as a function of average particle size of powder production

Roughness of finish coating has been defined as RMS (root mean square) roughness Rq. For a twodimensional profile, Rq is given by equation 5.1.


  ∑"

! /!





( Eq. 5.1)

where zi is the surface height from a reference line at point i. In this thesis, the reference line is same
as the mean line, so Rq is equal to the standard derivation of surface heights. From Fig.5.5, it can be
seen that the bigger average particle size of the powder, the poorer coating finish quality.
1.6
1.4

Roughness

1.2
1.0
0.8
0.6
0.4
0.2
0.0
15

45

75

Average particle size (micron)

Fig. 5.5 Surface roughness as a function of particle size
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5.3 Effect of particle size distribution
The improvement of surface quality should be attributed to the absence of big size particles (over
45µm). However, it is reported that the ultra-fine particles, with particle size less than 5µm, are
extremely cohesive due to their small size and light weight [6]. The agglomeration of ultra-fine
particles has a dramatically negative effect on the film quality and the powder transfer efficiency [7].
In theory, the powder that we get from the gradual solvent evaporation method have more ultra-fine
powder in comparison to the powder made by pulverizing method. Therefore the sedimentation of
the powder product has been done to cut the ultra-fine parts off the product, and then narrow the PSD.
The sedimentation tests were finished as a function of process time. Results are shown in Fig. 5.6 and
Fig. 5.7.

10
24 hrs
12 hrs
8 hrs
4 hrs

Diff (%)

8

6

4

2

0
0.1

1

10

Size (um)

Fig.5.6 Particle size distribution of ultra-fine powder separated by sedimentation as a function of
process time
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Fig.5.7 Particle size distributions of powder production by using sedimentation to cut the ultrafine part off

The relationship between transfer efficiency and powder PSD is shown in Table 5.8. The first
transfer efficiency of powder decrease with the PSD becomes wide. Peak width at half height of each
peak was calculated based on the Gaussian equation (3 Parameters) by the curve fit in SigmaPlot
10.0. After getting the fitting equation, we calculated the two roots at the half height of peaks. The
value can simply reflect the width of peaks, and then stands for the distribution of particle size.
Table 5.8 The first pass transfer efficiency of powder that were prepared with different PSD
D(v,0.5)

Peak wide
at half height

First pass transfer
(%)

Original product

12.70

24.1768

74.33

Separation after 4 hrs sedimentation

15.18

18.9751

81.24

Separation after 8 hrs sedimentation

13.94

19.3247

79.96

Separation after 12 hrs sedimentation

13.09

22.2613

76.38

Separation after 24 hrs sedimentation

12.87

23.1915

76.82

Samples
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From the previous results it becomes apparent that to improve both film appearance and transfer
efficiency, it is necessary to produce powder coatings with a smaller particle size and narrower size
distribution. Therefore, optimization of coating formulation were studied by using powder with size
smaller than 25µm, and which were processed by sedimentation for 8 hrs.

5.4 Conclusions
Factors affecting average particle size and particle size distribution have been discussed in this
chapter. Phase ratio of emulsion system (DP/CP), emulsion stirring speed, type and concentration of
emulsifier, co-solvent and stabilizer are all taken into account.
(1) The effect of DP/CP ratio on particle size has been conducted through four experiments, with
DP/CP ratios ranging from 1/5 to 1/20. As predicted, with ratio of 1/5, the average particle
size of product is the biggest. In condition of 1/15 or 1/20, the particle size is about 17µm.
(2) The size of powder is also compared as a function of solid (resins and additives) content.
When the concentration of PVF resin is higher than 15%, the viscosity of the DP is as high as
1500 cps. The dilute DP promotes the particle size of droplets, but considering the
environmental and cost issues, the resin content in the DP of 12% by weight was selected.
(3) The effect of various stirring speeds on the particle size of the microspheres has been studied.
Increase of stirring speed from 3500 r/min to 6000 r/min causes a decrease in the size of
droplets. At higher stirring speed a finer emulsion is obtained, since the shear force is
promoted. At lower rate, although the average particle size of powder becomes bigger, but
the distribution is narrower. A change in agitation speed can adjust the powder size, but it
should be over the minimum speed of 600 r/min.
(4) For the choice of emulsifiers and co-solvents, the typical anionic (sodium dodecyl sulfate,
SDS) and non-ionic emulsifiers (TWEEN 20) have been tested, and the influence of dosage

66

of surfactant on particle size of droplets has been investigated. It is noted that TWEEN 20
does not work as well as SDS. When dosage of SDS is 1% (by weight), the system becomes
stable. Thereafter, the increase of yield is marginal and the average size of droplets is
between 15 to 20 µm.
(5) N-octanol as co-solvent is effective to adjust the average particle size of microspheres. In the
presence of 0.5% PVA, the distribution of powder becomes narrow and the particle size
smaller.
(6) The surface quality of finished coating is found to be reduced dramatically with an increase
in average particle size (d50). Coarse particles produce large irregularities in the film that lead
to slower coalesce and degas, resulting in a poor appearance. The first pass transfer efficiency
of powder decreases with wider PSD. Therefore a smaller particle size (<25µm) and narrower
size distribution (by sedimentation for 8 hrs) is preferred to obtain a good finish quality.
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Chapter 6 Formulation of PVF Powder Coating

6.1 Initial formulation
Based on the investigation of liquid coating formulation of PVF enamelled wire[1] and the curing
reaction of PVF with other resins[2] [3], we initially adopted a formulation as shown in Table 4.3
(Chapter 4). In this formulation, PVF-E resin, novolac epoxy resin and melamine resin were used
together, which are curing hardener to each other. Very thin coating layer was obtained by using
electrostatics spray gun. In this electrostatic spray powder process, powder is electrically charged and
then spray towards the grounded target. The powder particles stay on the target by their electrostatic
forces until melting and curing in the oven at a certain temperature. The conditions used in this
powder spray were as follow: fine powder (all < 25µm, d50 is about 12µm) 3.0 g, voltage of 28 kv, air
flow 3.0 m/s, curing temperature of 215℃ for about 15 min. Fig. 6.1 shows the pictures of curing
film with this formulation.

(a)

(b)

Fig. 6.1 Optical microscope photographs of curing film prepared by initial formulation.
Fig.6.1(a) in magnification of 50; Fig.6.1(b) in magnification of 100
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It is obvious that the film was not continuous, with many tiny holes formed during the cure step. This
may be attributed to the thermal properties of PVF-E resin, which has a very high tensile strength in
comparison to traditional powder coating materials such as PP, PE. The bending strength of PVF is
about 20 times of PE and Epoxy. So we had to find some resins as filler to “soften” PVF resin.

6.2 Epoxy resin and its curing agent
Epoxy resins are one of the most popular powder coating materials, typically thermosetting powder.
They can provide very good material strength to the coating after melting and curing due to the crosslinking reaction. The films prepared by epoxy resins have high adhesion, flexibility, hardness,
abrasion and chemical resistance, and corrosion protection. Most epoxy resins are synthesized from
the condensation reaction of Bisphenol A and Epichlorohydrin and are named Bisphenol A resins.
The ratio of bisphenol A to epichlorohydrine can affect molecular mass, melting point, viscosity,
solubility and content of epoxy and hydroxyl group. The epoxy resin used in this enamelled wire
coating is a product from the DOW chemical company, named as Epoxy 642U. The details of its
information can be found in chapter 3. Epoxy resins can be cured by polyaddition via their epoxy or
hydroxyl groups as equation 6.1.

(Eq.6.1)
To keep the cross-linking reaction of the three resins in initial formulation, an extra ammine resin
was added as hardener for 642U epoxy resin. This curing agent B31was provided by DOW chemical
company as well. The initial formulation was modified by epoxy resin and its hardener B31. The
642U epoxy was added from 20% to 50% by weight. Powder was made by the same method as
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mentioned in chapter 5. The spray conditions are exactly same as that for initial formulation. The
photographs taken by microscope are shown in Fig.6.2.

(20% Epoxy ×50)

(20% Epoxy ×100)

(30% Epoxy ×50)

(30% Epoxy ×100)

(40% Epoxy ×50)

(50% Epoxy ×50)

Fig. 6.2 Optical microscope photographs of curing film prepared by formulations with epoxy.
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When we employed epoxy and its curing agent in the formulation, the flowability of the melt resins
on the target was increased incredibly. With 30% of epoxy, the holes on the film are merely seen.
The film quality of these panels coated by powder of new formulations was evaluated by gloss
measurement. The values of gloss of each panel are shown in Fig. 6.3. Gloss value is found to rise
dramatically with an increase of epoxy content in formulation. When the dosage of epoxy resin
increased to 40% or more, the gloss values went over 100.

Fig.6.3 Film gloss as a function of epoxy content in formulation

To decide using 40% of epoxy or 50%, we have measured the film quality by surface profiler. The
results are shown in Fig. 6.4. It is shown that with 40% of epoxy, the roughness of the coating finish
is 889.07 nm, while when the percentage of epoxy increased to 50%, the roughness of that surface is
only 164.09 nm, much better than the former sample. Therefore, the following formulation has 50%
epoxy and its handener.

6.2 Types of PVF resin
In the initial formulation, PVF-E resin was employed, because it is the main resin material for the
liquid coating formulation. However, it is found that the solution of chloroform with 12% PVF-E has
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very high viscosity in comparison to PVF-H and PVF-K. This is also reflected by the physical
properties of the three PVF resins (Table 4.1). The high viscosity may have negative effect on the
surface quality of coating layer, because of the low flowability when resins are melten. Therefore the
formulations with different types of PVF resin were tested with regard to film quality. The details of
PVF-H formulation are shown in Table 6.1, PVF-K formulation are shown in Table 6.2 and the
surface quality were evaluated by gloss measurement is presented in Fig. 6.5.

8

Roughness

6

4

2

0
0%

20%

30%

40%

50%

The percentage of epoxy in the formulation

Fig. 6.4 Surface roughness of coating finish as a function of epoxy content

Table 6.1 Formulation of PVF-H type enamelled wire coating
Reagents

Class mole

Weight (wt%)

110

49.24

Novolac Epoxy

67.38

0.43

Melamine

32.08

0.03

Flowing agent

P-10

0.10

0.15

De-gassing agent

BEN

0.30

0.15

Filler

Epoxy 642U(+B31)

N/A

50

Total binder

--

--

100

PVF-H type
Resins
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Table 6.2 Formulation of PVF-K type enamelled wire coating
Reagents

Class mole

Weight (wt%)

110

49.03

Novolac Epoxy

61.875

0.613

Melamine

41.25

0.06

Flowing agent

P-10

0.10

0.147

De-gassing
agent

BEN

0.30

0.147

Filler

Epoxy 642U(+B31)

N/A

50

Total binder

--

--

100

PVF-K type
Resins

Fig.6.5 Film gloss of different types of PVF resin

It is indicated that PVF-K resin works the best in terms of achieving high surface gloss. This can also
be speculated by their thermal properties. PVF-K resin has the lowest heat-seal temperature in
comparison to the other two resins.
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6.3 Optimization of PVF-K formulation and preparation conditions
It is the first time to use the PVF powder in enamelled wire coating. By changing the type and dosage
of each component, we can optimize the formulation of the powder coating.

6.3.1 Novolac epoxy
Novolac epoxy is a kind of poly-functional epoxy having the character of phenolic resins. This
unique structure results in multi-epoxy functionality and additional reactive sites. So it is capable of
creating high crosslink densities with PVF resin. It is known that phenolic resins comprise a large
family of oligomers and polymers, which are various products of phenols, reacted with formaldehyde.
The novolac epoxy resin (D.E.N.438) obtained from DOW chemical company has the chemical
structure as shown in Fig. 6.6. It is synthesised by reacting phenolic novolac resin with
epichlorohydrin in presence of sodium hydroxide as a catalyst, while the phenolic novolac resin is
prepared by phenols and formaldehyde.

Fig.6.6 Chemical structure of the novolac epoxy (D.E.N.438)

The o-cresol formaldehyde epoxy resin (OCFER) is a new kind of glycidol ether type epoxy resin
with multi-functional group. It also easily forms high degree of cross-linking networks. The chemical
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structure is shown in Fig. 6.7. In preparation of OCFER, the phenolic novolac resin is prepared by ocresol and formaldehyde.

Fig. 6.7 The chemical structure of the o-cresol formaldehyde epoxy resin (OCFER)

The powder with o-cresol formaldehyde epoxy resins was prepared and sprayed. Its formulation is
shown in Table 6.3. The average value of gloss is 131.9, almost the same as the gloss of the novolac
epoxy film. During preparation of powder, using OCFER is easier than using novolac epoxy as
D.E.N. 438 is a semisolid product, which is difficult to handle at room temperature. For easy
preparation, OCFER resin was used in the following formulation tests.
Table 6.3 Formulation of enamelled wire coating with OCFER
Reagents

Class mole

Weight (wt%)

PVF-K type

100

49.02

Cresol formaldehyde epoxy

66.7

0.59

Melamine

59.52

0.09

Flowing agent

P-10

0.10

0.15

De-gassing agent

BEN

0.30

0.15

Filler

Epoxy 642U(+B31)

N/A

50

Total binder

--

--

100

Resins
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To optimize the formulation, dosage of OCFER was changed. Tests with different dosages of
OCDER are shown in Table 6.4. Additives and filler epoxy were used as shown in Table 6.3.
Table 6.4 Optimization of enamelled wire coating formulation (Class. mol)
Test No.

PVF-K

OCFER

Melamine

(1)

100

83.33

119.05

(2)

100

158.33

119.05

(3)

100

375

119.05

(4)

100

750

119.05

Although the surface quality of powder coatings has been improved significantly by controlling the
particle size, by adding extra epoxy and its hardener in formulation and by using PVF resin having a
lower heat seal temperature, enabling these finish panels to have a continuously insulated film.
However, so far the coating cannot yet be used in the production of enamelled wire, because the
requirement of coating surface quality for enamelled wire is extremely stringent. Any tiny blemish on
the coating surface could lead to an invocatable disaster. The origins of coating defects can vary
widely. Any slight negligence in the maintenance of the line machinery and its control system can
easily induce defects in the coatings. Also, the relevant chemical reactions take place mostly at
elevated temperatures where reaction kinetics is hard to predict and control. The defects on the
surface are normally referred to as fish eyes, pinholing and cratering. Fig.6.8 shows the defects on
the finish coating layer.
The quality of finish was evaluated by the measurement of defects on the coating layer. The method
of measurement has been introduced in chapter 3. The results are shown in Table 6.5. It is indicated
that test (3) produced the best film which has the minimum defects, so the optimized ratio of PVF-K
to OCFER is 100 to 375.
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Defects on the coating film

Cratering

Pinholing

Fish eye
Fig. 6.8 The defects on the coating layer

Table 6.5 Surface quality of finish film as a function of OCFER resin dosage
Test No.

Total defects on measured areas

Number of defects in the center area

(1)

65

11

(2)

50

10

(3)

41

9

(4)

59

14
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6.3.2 Dosage of melamine
When mole ratio of PVF-K and OCFER is 100:375, the film quality was compared as a function of
melamine dosage. The ratios of each component in formulations are shown in Table 6.6. The coating
layer quality was measured by defects counting as well. The results (did not list in thesis) show that
in the absence of melamine resin, the coating defects were nearly double to the formulation with
melamine, and the dosage of melamine affects little on the number of defects.
Table 6.6 Optimization of enamelled wire coating formulation (Class. mol)
Test No.

PVF-K

OCFER

Melamine

(5)

100

375

0

(6)

100

375

59.52

(7)

100

375

148.81

The coating panels were also tested by bending and lashing. The details of each test can be found in
chapter 3. The pictures of panels after bending or lashing are shown in Fig.6.9. It is indicated that
melamine resin can decrease the brittleness of the film making it flexible.

The panel of test (6) after bending
(Optical microscope ×50)

The panel of test (6) after bending
(Optical microscope ×100)
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The panel of test (6) after lashing
(Optical microscope ×100)

The panel of test (3) after bending
(Optical microscope ×50)

Fig. 6.9 Pictures of panels after bending or lashing tests

6.3.3 Additives
Coating additives are ancillary products that are usually added in small amounts to paints for
improving some technical properties or removing some defects of coatings. Paint additives are
recalled by the name of their actions. In the above formulations, de-gassing and flow agent are
inclusive, but the dosage of both is constant at 0.15% (by weight). To optimize the dosage of the two
additives, tests (8) and (9) were finished with the dosage of both increase to 0.3% and 0.5% (by
weight). However, the quality of film surface does not reveal any improvement by monitoring their
gloss and the defects amount. Test (10) was done with the formulation in the absence of degassing
and flow agent. The finish quality was evaluated by number of defects. The total defects are 390 in
all measured area; the central area has defects of 115. Therefore, it is assumed that the dosage of 0.15%
(by weight) is enough for this formulation.

6.3.4 Gun voltage and air flow
Operation of spraying affects the quality of the finish coating as well. In the field charging process,
particles collided with ions from a corona discharging source and catches them to gain the charges. It
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is a typical negative corona point to plane discharge geometry. There are two regions defined by
previous studies [4-6] in the space between the corona electrode and the pane collecting electrode.
The first region is the space around the corona electrode tip and named as ionization region. In this
region, ions are generated from the ionization process due to the strong electric field from the
supplied high voltage and powder are charged by these ions while blowing out from the sprayer
primarily under the aerodynamic force. The second region is the drift region, which is in between the
ionization region and the substrate, with a weaker electric field. When the particles enter the drift
region via air stream, the motions of the powder start to be affected not only by the aerodynamic
force but also the electrostatic and gravitational forces. However, before spraying, only gun voltage
and the speed of air stream can be adjusted to change the motions of particles, so that affects the
thickness of coating layer. Powder attached on the target were weighted as a function of spraying
condition. As introduced, the spraying in this thesis is batch operation. 3.0 g of powder as feed was
used each time. The changes of gun voltage and air flow and the corresponding results of weight of
powder on panels and the thickness of coating layer are listed in Table 6.7. It is noted that when gun
voltage is 30 kV and speed of air is 3.0 m/s, the spraying process has the best transfer efficiency.
Table 6.7 Coating thickness as a function of spraying condition
Gun voltage (kV)

Air flow (m/s)

Powder on panels (g)

Film thickness(mm)

22

2.5

1.93

14~16

28

2.5

2.07

17~18

30

3.0

2.15

18~20

35

3.2

2.06

15~18

6.3.5 Curing temperature and time
When the coating materials start their cross-linking reactions on the panel surface, a firm film is
forming along with the further elevation of temperature in oven. The rate of temperature rise affects
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the surface quality, because some reactions would not start until it reaches the certain temperatures. If
the curing temperature was not high enough, the particles would not coalesce into a homogeneous
film during the curing process. In contrary, if in a high temperature oven, but leaving too much time,
the surface of coating film would yellow due to long exposure in oxygen. The proper terminal curing
temperature and curing time can promote adhesion of the particles to the substrate surface and
cohesion of subsequently fed particles to the already adhering particles. The curing temperatures and
curing times tried are listed in Table 6.8.
Table 6.8 Curing temperature and curing time in tests
Test No.

Curing temperature (℃)

Curing time (min)

Appearance of coating

(11)

195

60

Clear

(12)

205

30

Clear, light yellow

(13)

225

10

Clear, dark yellow

(14)

325

5

Opacity, brown

The gloss of each finish panel was measured and the results are shown in Fig.6.10. Gloss meter
measures the reflection of light in a certain angle. So in some circumstance, the value of gloss can
indicate the flatness of a film. When the curing temperature was just 195℃, the coating layer is quite
transparent, and then the value of gloss is strongly affected by the metal panel, so it has the highest
value of gloss. When the curing temperature increased to 325℃, the film is opaque, so that the value
of gloss decreases to 128.
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Fig. 6.10 Gloss of each panel curing at different temperature with different curing time

Coating surface

Coating panel after bending

Fig. 6.11 The surface of coating film cured at 325℃ (×50)

6.4 Pre-treatment
It has been shown that the optimized formulation, good batch operation can reduce coating defects.
However, they cannot eliminate all the defects. As a matter of fact, the surface chemistry of the metal
and the substrate surface quality is of paramount importance for producing a high quality coating.
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The performance of powder coating on a metallic surface does depend on proper pre-treatment of the
substrate. Pre-treatment of targets by acid or base clean can provide a clear, uniform, oil-grease free
surface; by chromating and phosphating process provides metal cleanliness and corrosion protection
to the surface as the reaction between acid and metal to from a conversion layer. Nowadays, metal
pre-treatment not only uses phosphate acid, but also uses a kind of silane coupling agents. The silane
agents usually have the high amount of reactive or alkoxy groups, and may improve the finish quality
of the PVF resin powder coating for enamelled wire.
Polydimethylsiloxane (PDMS) is the most widely used silicone-based polymer and has a unique
combination of properties resulting from the presence of an inorganic siloxane backbone and organic
methyl groups attached to silicon. This chemical structure (CH3[Si(CH3)2O]nSi(CH3)3) makes
polymers which have low glass transition temperatures, so they are fluids over a wide range of
temperatures, have good thermal stability, good oxidative resistance and good chemical stability.
The panels were pre-treated by 5% HCl acid for 30 seconds and then rinsed. After that were put in 5%
PDMS solution for 5 min and dried without rinse. The finish quality of pre-treated panels is
evaluated by defects amount. It is noticed that the coating films have much less cratering and
pinholing defects than the sample prepared before. The number of defects in all measured area was
only 22; the defects in central area are only 2. All of them were fish eye.

6.5 Conclusions
(1) Initial PVF enamelled wire coating formulation with PVF-E resin, novolac epoxy resin and
melamine resin was sprayed. The finish quality was reviewed by using optical microspcope.
It is obvious that the film is not continuous with many tiny holes formed during the curing
step. This may be attributed to the thermal properties of PVF-E resin. A type of BPA epoxy
resin and its hardener were added to the initial formulation. The results showed that with 50%
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dosage of BPA epoxy, no obvious hole was shown up on coating film, and the finish surface
became flat relatively.
(2) PVF-K and PVF-H resins were used to take the place of PVF-E. It is found that with the
decrease of heat-seal temperature the finish quality of coating film become well. So PVF-K
resins were selected as main resin material in the following formulations. After that, the
formulation of enamelled wire powder coating was optimized by changing novolac epoxy
type and dosage, by investigation the function of melamine resin in formulation, and in the
absence or presence the degassing and the flow agent in the formulation. The optimized
formulation has a mole ratio of PVF-K, OCFER and melamine resin at 100:375:119, and
proper dosages of degassing and flow agent.
(3) Spraying conditions are considered also to influence the finish quality. Equal amounts of
powder were used in the operation, and the percentage of powder on the targets is calculated
as well. It is noted that the best spraying condition is gun voltage of 30 kV and air stream of
3.0 m/s.
(4) Curing temperature and curing time are also considered. When the curing temperature was
just 195℃, the coating layer is quite clear, so that the intensity of gloss is very high. When
the curing temperature increased to 325℃, the film is opaque, but too much defects were
found on the coating surface, and after bending the panel, the coating film was broken. Acid
and silane coupling agent pre-treatment were used on substrates. The defects monitor shows
that with the simple pre-treatment, the pinholing and cratering on the surface nearly all were
gone, and the number of fish eyes was decreased as well.
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Chapter 7 Conclusions and Recommendations

7.1 General conclusions
Enamelled wire is traditionally produced by liquid paint, in which organic solvent takes a relatively
high content, normally of 75% to 90% by weight. Solvents are a major source of environmental
concern, so it benefits to the environment but also simplifies process and cuts cost, if the powder
coating technology that there is no solvent included is developed in enamelled wire production.
This thesis focuses on an invention of a new powder coating formulation and its preparation, which
was used in enamelled wire coating. The objectives of this research are preparation of ultrafine
powder with a formulation containing polyvinyl formal (PVF) resin, and the optimization of types
and dosage of each component and the operating conditions to get a satisfied coating film.

7.1.1 Preparation of the fine powder
Both mechanical and chemical methods to prepare fine powder were reported. The initial formulation
was determined based on reference. At first, it is found that the resin mix is difficult to be extruded
from the screw mixer as PVF takes a dominated part in formulation, which has a very high tensile
and bending strength in comparison to traditional powder coating materials, such as PE and epoxy. A
kind of commercial organic peroxide agent was used to treat the resins, and it works to improve the
flow ability when resins were in extruder. Later, mechanical pulverization methods were employed to
produce fine powder. Resins mix has a very high toughness at room temperature, so both jet milling
and grinding do not work unless operating temperature decrease to minus 50 degree by liquid
nitrogen.
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Before the experimental study of solvent evaporation method to produce fine powder, kinetics and
thermodynamics were used to predict the operation parameters. Based on theoretical models in
reference, it was estimated that when the batch is 1500 ml, the solvent evaporation at least takes 100
min, and a higher volume ratio of disperse phase to continuous phase exhibits a lower solvent
removal rates. It is proved by experiments that preparation temperature is also an important influence
on the formation of microspheres. It is reported that the stable O/W type emulsions are obtained in a
certain range of temperature (no higher than 45℃), and temperatures higher than that would lead to
fail of emulsification or reverse to W/O emulsion. When the microspheres are produces in a
changeable temperature system, it is indicated from the results of tests that higher terminal
temperature, faster solvent evaporation, and shorter solidification time.

7.1.2 Factors on average particle size and particle size distribution
Phase ratio of emulsion system (DP/CP), emulsion stirring rate, type and concentration of emulsifier,
co-solvent and stabilizer were all studied as a function of particle size and distribution.
(1) The effect of DP/CP ratio on particle size has been conducted through four experiments, with
DP/CP ratios ranging from 1/5 to 1/20. As predicted, with ratio of 1/5, the average particle
size of product was the biggest. In condition of 1/15 or 1/20, the particle size is about 17µm.
The size of powder was also compared as a function of solid (resins and additives) content.
When the concentration of PVF resin is higher than 15%, the viscosity of the DP is as high as
1500 cps. The dilute DP promotes the particle size of droplets, but considering the
environmental and cost issues, the resin content in the DP of 12% by weight was selected.
(2) The effect of various stirring speeds on the particle size of the microspheres has been studied.
Increase of stirring speed from 3500 r/min to 6000 r/min causes a decrease in the size of
droplets. At higher stirring speed a finer emulsion is obtained, since the shear force is
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promoted. At lower rate, although the average particle size of powder becomes bigger, but
the distribution is narrower. A change in agitation speed can adjust the powder size, but it
should be over the minimum speed of 600 r/min.
(3) For the choice of emulsifiers and co-solvents, the typical anionic (sodium dodecyl sulfate,
SDS) and non-ionic emulsifiers (TWEEN 20) have been tested, and the influence of dosage
of surfactant on particle size of droplets has been investigated. It is noted that TWEEN 20
does not work as good as SDS. When dosage of SDS is 1% (by weight), the system becomes
stable. Thereafter, the increase of yield is marginal and the average size of droplets is
between 15 to 20 µm. N-octanol as co-solvent was effective to adjust the average particle size
of microspheres. In the presence of 0.5% PVA, the distribution of powder becomes narrow
and the particle size gets smaller.
(4) The surface quality of finished coating was found to be reduced dramatically with an increase
in average particle size (d50). Coarse particles produces large irregularities in the film that
lead to coalesce and degas slower, resulting in a poor appearance. The first pass transfer
efficiency of powder decreases with wider PSD. Therefore a smaller particle size(<25µm)
and narrower size distribution(by sedimentation for 8 hrs) is preferred to obtain a good finish
quality.

7.1.3 Optimization of the formulation and operating conditions
Initial PVF enamelled wire coating formulation with PVF-E resin, novolac epoxy resin and
melamine resin was sprayed. It is obvious that the film is not continuous with many tiny holes
formed during the curing step. By adding a type of BPA epoxy resin and its hardener, no obvious
holes was shown up on coating film, and the finish surface became flat relatively.
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PVF-K and PVF-H resins were used to take the place of PVF-E. It is found that PVF-K resins with
the minimum of heat-seal temperature has the best finish quality of coating film. Furthermore, the
formulation of enamelled wire powder coating was optimized by changing novolac epoxy type and
dosage, by investigation the function of melamine resin in formulation, and in the absence or
presence the degassing and flow agent in formulation. The optimized formulation was with mole
ratio of PVF-K, OCFER and melamine resin at 100:375:119, and with proper dosage of degassing
and flow agent.
Spraying conditions are considered as an influence on finish quality. Equal amounts of powder were
used in operation. The results show that the best spraying condition is gun voltage of 30 kV and air
stream of 3.0 m/s. Curing temperature and curing time were also considered. When the curing
temperature was just 195℃, the coating layer is quite clear, so that the intensity of gloss is very high.
When the curing temperature increased to 325℃, the film is opaque, but too much defects were
found on the coating surface, and after bending the panel, the coating film was broken. Acid and
silane coupling agent pre-treatment were used on substrates. The defects monitor shows that with the
simple pre-treatment, the pinholing and cratering on the surface nearly all were gone, and the number
of fish eyes was decreased as well.

7.2 Recommendations
Powder coating technology is firstly attempted to use in enamelled wire coating. Although the
ultrafine powder were prepared by chemical method, and by optimization of formulation and
operating conditions, the coating film becomes better and better. Currently, however, issues
regarding flow properties of the ultra-fine powder were not considered yet. The effect of types and
dosage of flow aids in formulation on the dielectric properties of coating should be included in the
following investigation.
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